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Abstract

1,25-dihydroxyvitamin D3 (calcitriol), the active form of vitamin D3 is a hormone with anti-proliferative and pro-
differentiation effects in prostate cancer (PCa) cells. Our ultimate goal is to identify novel therapeutic targets for the treatment of PCa
with calcitriol. Previous to this study, we have used cDNA microarray analysis of established human PCa cell lines identifying, among
others, the regulation of genes implicated in prostaglandin (PG) bioactivity. PGs are implicated in the development and progression of
PCa, tumor invasiveness and tumor grade. We found that calcitriol down-regulates the expression of cyclooxygenase-2 (COX-2),
enzyme that initiates PG synthesis, and up-regulates the expression of 15-hydroxyprostaglandin dehydrogenase (15-PGDH) involved
in the first step in PG inactivation. In this project we analyze these two novel target genes of calcitriol. In this project we found that
calcitriol reduces the expression of COX-2 mRNA and protein and up-regulates 15-PGDH mRNA and protein. We also found that the
combined treatment of LNCaP and PC-3 cells with calcitriol and COX inhibitors mediate synergistic growth inhibition, allowing the
use of reduced doses of both drugs that still resulted in enhanced anti-proliferative activity. The actions of calcitriol to reduce COX-2
expression and to induce 15-PGDH availability would potentially constitute a pathway to reduce and/or remove active PGs thereby
diminishing PCa proliferation. These findings suggest that therapy combining calcitriol and COX-2 inhibitors will increase efficacy
while decreasing side-effects. We strongly believe that the major contribution and significance of this project is to pave the way in the
designing of new therapeutic approaches for PCa. We propose that the combination of these already approved drugs can be brought to
a clinical trial swiftly. This study also helps in the understanding of the mechanisms of calcitriol action in prostate cells, generating
new data to potentially aid in developing treatment strategies to improve PCa therapy. The ability of calcitriol to inhibit PG synthesis
and stimulate PG destruction appears to be an additional pathway by which calcitriol can enhance PCa therapy. Based on these
observations a clinical trial has recently been initiated by Dr. D. Feldman and Dr. S. Srinivas at Stanford University combining high
doses of calcitriol and naproxen in PCa patients with advanced androgen-independent disease who have failed other therapies. The
initial results are promising (Srinivas et al, unpublished observations).
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INTRODUCTION

Calcitriol, the hormonally active form of vitamin D, inhibits the growth and development of
several cancers (1-9). There are multiple mechanisms underlying the anti-proliferative effects of
calcitriol, which vary between target cells (7, 9). These include cell cycle arrest (7, 9) and the
induction of apoptosis (7). Several genes that mediate these growth regulatory effects have been
identified to be the molecular targets of calcitriol action, such as p21, p27, bcl-2, and insulin-like
growth factor binding protein-3 (IGFBP-3). We recently did cDNA microarray analyses to more fully
characterize the spectrum of genes regulated by calcitriol in prostate cells (10, 11). Among the newly
identified genes regulated by calcitriol, we found two genes which play a key role in prostaglandin
(PG) metabolism: the prostaglandin endoperoxide synthase-2 or cyclooxygenase (COX)-2 and the
NAD+-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are synthesized from
free arachidonic acid (12) by COXs. There are two well-characterized COX isoforms: COX-1, a
constitutive form of the enzyme, and COX-2, an inducible form of the enzyme. PGs are implicated in
the initiation and progression of many malignancies including prostate cancer (13-15). Tumor cells
with elevated COX-2 levels are highly resistant to apoptosis, show increased angiogenic potential,
and exert suppressive effects on host immunity (13-16). Nonsteroidal anti-inflammatory drugs
(NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic activity, are under intense
investigation to prevent and/or treat malignancies (17, 18). 15-PGDH, which mediates the catalytic
inactivation of PGs by converting them to the corresponding keto derivatives (19), has been found to
be down-regulated in some cancers (20, 21) and has recently been regarded as a tumor suppressor
gene (20).

Our hypothesis is that calcitriol regulation of PG metabolism (induction of 15-PGDH and
inhibition of COX-2) is another pathway to remove active PGs that may help to diminish PCa
proliferation. In this way, calcitriol and NSAIDs would have the same ultimate effect. Unfortunately,
NSAID use has shown some secondary side-effects including increased risk of heart attacks, stroke,
sudden death, blood clots, stomach and intestinal bleeding, kidney problems including acute kidney
failure and worsening of chronic kidney failure (22). On the other hand, calcitriol also has secondary
effects, namely hypercalcemia. However, this effect can be diminished with intermittent
administration of calcitriol (23) or with the use of the new analogs of calcitriol (12). To avoid such
unwanted actions we would resort to the combination of NSAIDs and calcitriol. We predict that the
combination therapy could allow the use of lower doses of both drugs thus reducing their individual
side-effects.

Given the induction of 15-PGDH expression and the inhibition of COX-2 expression by
calcitriol, both NSAIDs and calcitriol would have the same effect, to reduce the pool of active PGs,
but by different mechanisms. To us, this strongly suggests that induction of the regulation of PG-
related metabolic genes by calcitriol contributes to its anti-proliferative activity. It also suggests a
possible synergistic action of calcitriol and NSAID treatment to prevent cancer cell proliferation. We

hypothesize that the role of calcitriol in the general metabolism of these eicosanoids, by induction of
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15-PGDH and the inhibition of COX-2 expression, contributes to the anti-PCa action of calcitriol. By

inhibiting COX-2 and stimulating 15-PGDH expression, calcitriol would decrease the levels of
biologically active PGs in PCa cells and thereby reduce the proliferative stimulation of PGs, much like
the NSAIDs. Our finding that calcitriol stimulates the expression of 15-PGDH and inhibits COX-2

assume greater significance considering the putative actions of PGs on PCa cells.
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BODY

This study was directed to gain insight on the potential use of calcitriol, the active form of
vitamin D, as an anti-proliferative agent in PCa by interfering with PG metabolism and actions.

Our microarray data indicated that calcitriol increased the expression of 15-PGDH and
significantly decreased the expression of COX-2 in LNCaP human PCa cells (23). We hypothesize
that this dual action of calcitriol would reduce the levels of biologically active PGs in PCa cells,
thereby decreasing the proliferative stimulus for PCa growth.

Our experiments showed that calcitriol inhibits prostaglandin actions in PCa cells by three
mechanisms: stimulating the expression of prostaglandin catabolizing enzyme 15-PGDH, decreasing
the expression of prostaglandin synthesizing enzyme COX-2 and inhibiting EP2 and FP
prostaglandin receptor expression [Moreno, 2005 #89; Moreno, 2005 #45]. We also observed a
decrease in levels of PGs in the conditioned media of LNCaP cells treated calcitriol. We suspect that
this was the result of the dual effect of calcitriol on the expression of PG metabolic enzymes (24).
Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs
(NSAIDs) produced synergistic inhibition of PCa cell growth at 2 to 10 lower concentrations of the
drugs needed to achieve the same effect alone. The findings suggest that calcitriol and NSAIDs may
be a useful combination for chemotherapy PCa (24).

MATERIALS AND METHODS
Cell culture.

LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435) cells were grown in RPMI
1640 supplemented with 5% FBS, 100 IU/mL of penicillin, and 100 pg/mL streptomycin (Life
Technologies). Cells were maintained at 37°C with 5% CO, in a humidified incubator.

Plasmid Constructs

The COX-2 cDNA was a kind gift from Dr. Stephen Prescott from the University of Utah. The
construction pCOX-2 was obtained by amplifying the complete cDNA decoding the COX-2 by PCR
using oligonucleotides: 5-TTT TCT AGA ATG CTC GCC CGC GCC-3' and 5-TTT GAT ATC CTA
CAG TTC AGT CGA ACG-3'. The PCR product obtained with the Tag PCR Master Mix Kit (Qiagen
Inc. Valencia, CA) was cloned into the pcR2.1 vector (Invitrogen, Carlsbad, CA). The COX-2 full
length cDNA was isolated by Eco RI restriction and this fragment was sub-cloned into the Eco RI site
was of the pcDNA3.1(-) eukaryotic expression vector (Invitrogen). The 15-PGDH expression vector
cloned into the eukaryotic expression vector pcDNA1 (Invitrogen) was a kind gift from Dr. H. H. Tai,
from the University of Kentucky.

Transfection

Plasmids were purified with the Qiagen plasmid purification kit according to the
manufacturer’s instructions. Subconfluent PC-3 or LNCaP cells were transfected using Trans IT
Prostate (Mirus Bio Corporation. Madison, WI.) according to the manufacturer’'s instructions. For
stable expression, cells were screened first for their resistance to 600 ug/ml of G418 (Geneticin,

Invitrogen) and then for either COX-2 or 15-PGDH over-expression using Western blot analysis and
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measuring PG content in the conditioned media of transfected cells. Cells were maintained in

medium containing 200 pg/ml of G418.
Small interfering RNA transfection.

Subconfluent LNCaP cells were transfected with 30 nmol/L of negative control (Ambion,
Austin, TX), or the Silencer Pre-designed 15-PGDH-directed siRNA (# 16708) siRNA (Ambion) using
siPORT NeoFX (Ambion). Cells were used for experiments Western blot analysis after transfection as
indicated.

RNA isolation and real-time reverse transcription-PCR. These procedures were carried out exactly as
described in (1) (please see Appendix II). Table I lists the primers used. Briefly, total RNA was
extracted from cells using Trizol reagent (Invitrogen). Five ug of total RNA were used to obtain first
strand cDNA using the SuperScript Il kit (Invitrogen). Gene expression in vehicle or calcitriol-treated
cells was determined by real-time PCR using the reverse transcription product and gene-specific
primers (10 pmol) with the DyNamo SYBR Green gPCR kit (Finnzymes, Oy, M.J. Research). Real-
time PCR was carried out using an Opticon 2 DNA engine (M.J. Research). Relative changes in
MRNA expression levels were assessed by the 2-3ACM method (2). Changes in mRNA expression
of the different genes were normalized to that of TATA binding protein (TBP) gene.

TABLE 1. Primers used in real-time RT-PCR.

Gene Forward Reverse

bcl-2 5" TGGGATGCCTTTGTGGAACTAT-3' 5-GAGACAGCCAGGAGAAATCAAAC-3’
Bax 5-AGGG TTTCATCCAGGATCGAGCAG-3' 5-ATCTTCTTCCAGATGGTGAGCGAG-3'
CyclinD  5-CCGTCCATGCGGAAGATC-3’ 5-ATGGCCAGCGGGAAGAC-3'

p21 5-GCAGACCAGCATGACAGATTT-3' 5-GGATTAGGGCTTCCTCTTGGA-3'
IGFBP-3  5-AAGTTCCACCCCCTCCATTC-3’ 5-TCTTCCATTTCTCTACGGCAG-3’

AR 5-AGTCCCACTTGTGTCAAAAGC-3' 5-ACTTCTGTTTCCCTTCAGCG-3'

VDR 5-CACTGGCTTTCACTTCAATGC-3' 5-CGATGTCCACACAGCGTTTG-3’
TGF-b 5-GATTTCCATCTACAAGACCACGAGG-3' 5-GCATCAGTTACATCGAAGGAGAGC-3'
VEGF 5-GAGGAGTCCAACATCACCATGC-3’ 5-CGTTTAACTCAAGCTGCCTCGCC-3’
COX-2 5-GATACTCAGGCAGAGATGATCTACCC-3'  5-AGACCAGGCACCAGACCAAAGA-3'
15-PGDH  5-GACTCTGTTCATCCAGTGCG-3' 5'-CCTTCACCTCCATTTTGCTTACTC-3'
TBP 5-CACTCACAGACTCTCACAACTGC-3' 5-GTGGTTCGTGGCTCTCTTATC-3'
RESULTS

Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal
in this project was to contribute in further defining the mechanisms underlying these actions in human
PCa cell lines.

This project was divided into two parts. In the first part we found that calcitriol significantly
reduced the mRNA and protein expression of COX-2, the key PG synthesis enzyme. Calcitriol also
up-regulated the expression of 15-PGDH, the enzyme initiating PG catabolism. This dual action was
associated with decreased PGE, secretion into the conditioned media of PCa cells exposed to
calcitriol. Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing
a potential additional mechanism of suppression of the biological activity of PGs. Importantly,
calcitriol attenuated PG-mediated prostate cancer cell growth and blocked the induction of some of

the functional targets of PGs, like c-fos mRNA expression. The combination of calcitriol with
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nonsteroidal anti-inflammatory drugs (NSAIDs) synergistically acted to achieve significant PCa cell

growth inhibition at ~2 to 10 times lower concentrations of the drugs than when used alone. These
results were published in Cancer Research (1). Please see the full length paper in Appendix Il for
further details.

In the second part of this project our goal was to gain an insight on how the combination of
calcitriol and NSAIDs might improve the growth inhibitory actions of each drug alone and to asses the
relative contribution of COX-2 and 15-PGDH regulated expression on the growth inhibitory actions of
calcitriol.

Potential Mediators of the Enhanced Growth Inhibition by the combined treatment with
Calcitriol and Naproxen in PCa cells

The combined treatment of LNCaP and PC-3 cells with calcitriol and NSAIDs results in the
synergistic inhibition of cell growth, as indicated in Figure 5 in Moreno et al. (1) (Please see Appendix
II). This is true for both COX-2-specific NSAIDs or COXIBs (SC-5825 and NS398) and non-specific
NSAIDs (naproxen and ibuprofen). To explore the possible molecular mechanisms mediating this
enhanced growth inhibition, we analyzed the effects of the combination of calcitriol and naproxen, a
non-specific NSAID For this analysis we used non-specific NSAIDs. This decision was based on the
equal effectiveness of both classes of NSAIDs to inhibit growth when combined with calcitriol and on
the recent safety concerns about the chronic use of COXIBs (1). We analyzed apoptosis-related
genes (bcl-2, bax), cell cycle-related genes (Cyclin D1, p21, IGFBP-3), PG metabolism-related
genes (COX-2 and 15-PGDH), steroid receptor genes (AR and VDR) and growth factor genes
(VEGF, TGF-p) in LNCaP cells. As shown in Table II, the expression of bax, Cyclin D1, p21, COX-
2,15-PGDH, AR, VDR, and TGF-g mRNAs in LNCaP cells is regulated by either calcitriol 10 nM or
naproxen 150 uM alone, however, the combined treatment of LNCaP cells with the two drugs has no
further effect on the mRNA expression levels of these genes (Table II).

Table Il. Real-time RT-PCR analysis of gene expression in response to the combination of calcitriol and two
doses of naproxen. Mean + SD.

Vehicle Calcitriol Naproxen Naproxen
10 nM 150 uM 150 uM
Apoptosis
bcl-2 1.15+£0.15 0.61+0.02 0.42 +0.06 0.21+0.03
Bax 1.09 £ 0.29 0.55+0.14 0.32 +0.05 0.41+0.04
Cell-cycle
Cyclin D1 0.95+0.04 0.48+0.16 0.32 +0.05 0.32+0.01
IGFBP-3 1.01+£0.11 454 +0.48 2.94 +0.08 6.99 + 0.45
p21 1.14+0.27 0.96 +0.11 3.69 £ 0.55 3.73+0.41
PG-metabolism
COX-2 1.67+0.27 0.67+0.12 0.66 + 0.13 0.68 £ 0.47
15-PGDH 1+0.07 3.12+ 045 2.37+£0.79 3.69 + 0.56
Nuclear Receptors
AR 1.47 £ 0.03 1.81+0.22 1.15+0.01 1.74+0.17
VDR 0.88+0.43 0.48 + 0.07 0.61+0.09 0.74 £ 0.31

Growth factors
VEGF 0.78 £ 0.21 1.15+0.45 0.62 £ 0.11 0.34 £ 0.09
TGF-beta 144+ 0.12 0.85+ 0.21 0.49 + 0.06 0.41+£0.29
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In the case of bcl-2, IGFBP-3, and VEGF mRNA expression, the combination of calcitriol and

naproxen potentiated the effects of each drug alone. The expression of bcl-2 mMRNA was down-
regulated by both calcitriol and naproxen acting alone (Figure 1A), however, the combination
resulted in the synergistic decrease of the expression of bcl-2 (Figure 1A). The same effect was
observed in the expression of VEGF mRNA (Figure 1C). IGFBP-3 mRNA expression is induced by
calcitriol 10 nM and modestly increased by naproxen 150 uM (Figure 1B), with the combination of
calcitriol inducing a further increase. This suggests that the combination of naproxen and calcitriol
may act through the induction of apoptosis (2) and attenuating the actions of growth factors (3). The
combined effect of calcitriol and naproxen in decreasing the mRNA levels of VEGF results is of

particular interest, considering its role in angiogenesis in PCa (4).

A LNCaP cells . LNCaP cells A c 18 LNCaP cells
sl & o
& L = ** @,
£ . L i Lo
3 z: % ¢ 8 08 I . +
o 3 0.6 *
2 g4 ’—(—‘ *-; é 2 Y !
02 1
Cal (10 nM) - + - + Cal (10nM) - + - + Cal (10nM) - + - +
Nap (uM) - - 150 150 Nap (uM) - - 150 150 Nap (uM) - - 150 150

Figure 1. Synergistic regulation of gene mRNA expression in LNCaP cells by calcitriol and naproxen. Subconfluent
LNCaP cells were treated with 0.1% ethanol vehicle (-) or 10 nmol/L calcitriol (Cal) in the presence and absence of the
indicated concentration of 150 pmol/L naproxen (Nap) for 24 hours. Total RNA was extracted and analyzed for the mRNA
expression of bcl-2 (A), IGFBP-3 (B) or VEGF (C) by real-time RT-PCR using gene-specific primers. Gene mRNA levels
were normalized to TBP mRNA levels. Values given as a fraction of control set at 1; columns, mean from two experiments;
bars, SD. *. P < 0.05, **, P < 0.01,**, P < 0.001 when compared with control. +, P < 0.05, ++, P < 0.01 when compared to
naproxen alone.

To expand our knowledge on the molecular pathways mediating the enhanced effect of the
combination of calcitriol and NSAIDs on PCa cell growth inhibition, we plan to use pathway-focused
arrays, which are designed to determine the expression profile of a pathway-specific panel of genes.

We are currently studying the effects of the calcitriol naproxen combination on the leves of
secreted PGs to the conditioned media.

Role of 15-PGDH increased expression and the COX-2 reduced expression in the anti-
proliferative actions of calcitriol

We have previously shown that calcitriol increases the expression of 15-PGDH mRNA and
protein (1). 15-PGDH has a role in mediating growth inhibition (3). Our hypothesis is that the
calcitriol-induced increase in 15-PGDH expression also plays a role in the growth inhibitory actions of
calcitriol. To study this possibility, we decided to knock-down the expression of 15-PGHD and
measure the effects of this knock-down on the growth inhibition induced by calcitriol in LNCaP cells.
We transfected LNCaP cells with a siRNA directed against 15-PGDH and separately with a control
siRNA for comparison. We first analyzed the effects of the siRNA transfection on the 15-PGDH
protein expression in Western blot assays. We found that the siRNA directed against 15-PGDH
effectively decreases the expression of thel5-PGDH protein (lane 2, Figure 2A) when compared to
the levels observed in cells transfected with the control siRNA (lane 1, Figure 2A). However, these
effects are reversed at 72 h (lane 3, Figure 2A), when the 15-PGDH protein levels seem to increase

again.
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Figure 2. Role of 15-PGDH in calcitriol-mediated growth inhibition in PCa cell lines. A, 15-PGDH down-regulation by
siRNA in LNCaP cells. Representative Western blot orLNCaP cells transfected with either a control (Control) or a 15-PGDH-
directed siRNA (PGDH). Protein extracts were obtained at 48 (lane 2) or 72 h (lane 3). The expression levels of 15-PGDH
were determined by Western blot analysis. Actin detection was included as a loading control. B 15-PGDH stable
transfection in PC-3 cells. Two independent clones of PC-3 cells transfected with the construct pcDNA1-15-PGDH (PGDH,
lanes 3 to 6) cDNA or with the empty vector (Control, lanes 1 and 2), were treated with 10 nMol/L calcitriol for 48 h,
harvested and 15-PGDH and COX-2 levels were determined by Western blot. Actin immunodetection was used as loading
control. C, effects of 15-PGDH over-expression on the growth inhibitory actions of calcitriol in PC-3 cells stably transfected
with pcDNA1 vector (empty columns) or PGDH construct.(gray columns) PC-3 cells were treated with 0.1% ethanol vehicle
(-) or the indicated concentration of calcitriol (Cal). St indicated the levels of DNA at the beginning of the assay. Cell growth
was determined by measuring the DNA content. DNA contents are given as percentage of control pcDNA transfected cell
value set at 100%. 100% DNA content for control pcDNA1 cells = 39.12 + 6.21 pg/well; 100% DNA content for PGDH10
PC-3 cells = 22.48 + 9.66 pg/well. Columns, mean from two experiments; bars, SD. *, P < 0.05 when compared with control.

The effects of 15-PGDH on the growth inhibitory effects of the calcitriol can be alternatively
studied by over-expressing the protein in 15-PGDH-negative cells. We decide stably transfected PC-
3 cells with the 15-PGDH cDNA, since PC-3 cells lack detectable levels of 15-PGDH (1). After the
transfection, G418-resistant cells were screened for 15-PGDH expression by immuno-detection of
the protein using Western blots and by measuring the levels of secreted PGE, in the conditioned
media of transfected cells (data not shown). We obtained two independent clones of PC-3 cells
expressing 15-PGDH. One of them expressed high levels of the active enzyme as indicated by a 10-
fold reduction on the secreted PGE, levels. Interestingly, we were no longer able to detect COX-2
protein expression in these cells using Western blot (lanes 5 and 6, Figure 1B) In contrast, the
protein was detected in the control cells (pcDNA1l-transfected cells, (lanes 1 and 2, Figure 2B) and in
the low (with 2-fold reduction in PGE; levels respect to the pcDNAL transfected cells) 15-PGDH
expressing clones s (lanes 3 and 4, Figure 2B). We next examined the effects of the 15-PGDH over-
expression on the growth inhibitory actions of calcitriol in PC-3 cells transfected with the empty
pcDNA1 vector or the high 15-PGDH expressing clone. The starting levels of DNA (St columns,
Figure 2C) were comparatively the same in both pcDNAL1 cells or in PGDH cells. At the end of the
six-day treatment, the DNA levels in the control of pcDNAL1 cells was notably higher (39.12 + 6.21 ug
DNA/well) than in those cells over-expressing 15-PGDH (22.48 + 9.66 pg DNA/well). In the pcDNA1-
transfected cells (empty columns, Figure 2C), calcitriol had a modest effect (~20%) at 1 nmol/L but
caused significant growth inhibition (~40%) at 10 nmol/L. These effect, however, is lost in those cells
over-expressing 15-PGDH (gray colums, Figure 2C). As indicated, thel5-PGDH expressing PC-3
cells we used have a comparatively reduced levels of COX-2 expression and markedly reduced
levels of PGE,. Also, we found a comparatively lower rate of growth in these cells when campared to
the empty vector transfected cells. This already slow proliferative state may limit the effects of

calcitriol. We believe that this unforeseen aspect of the approach can be salved by using inducible
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expression systems to direct the levels and time of 15-PGDH expression, allowing the cells to

develope normally until treated with calcitriol.

We previously found that calcitriol significantly reduced the mRNA and protein expression of
COX-2 (1). We hypothesize that the decrease on COX-2 expression by calcitriol has a role on the
growth inhibitory actions of the hormone. Our approach was to over-express COX-2 in PCa cells and
then evaluate the effects of this over-expression on the ability of calcitriol to inhibit the growth of
these cells. We first cloned the full-length COX-2 cDNA in the pcDNA3.1(-) expression plasmid (see
Methods). We stably transfected PC-3 with these plasmids. After the selection with G418, we
screened for COX-2 over expression in Western blot assays. We obtained two independent clones of
PC-3 cells over-expressing COX-2 (Figure 3C). We will use these cells to evaluate the effects of this

over-expression on the ability of calcitriol to inhibit their growth.

PC-3 cells

= I <«—COX-2

<+=Actin
Vector pCOX-2 | pCOX-2 Il

Figure 3. COX-2 over-expression in PC-3 cells. PC-3 cells were stably transfected with the plasmid construct pCOX-2. A,
COX-2 overexpression was assessed by Western blot analysis. Actin immuno-detection was used as loading control.
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KEY RESEARCH ACCOMPLISHMENTS

Training accomplishments
Dr. Moreno has spent her time performing experiments in the laboratory of Dr. David

Feldman, under the guidance of Dr. Feldman and Dr. Aruna Krishnan, a very experienced Research
Scientist.

Dr. Moreno has periodically presented her data to the group of collaborators from the

laboratories of Dr. Feldman and Dr. Donna Peehl, a long time collaborator, at the weekly lab
meetings. Dr. Moreno has made formal presentations to the Stanford Prostate Cancer Group and to
the Department of Urology Research Conference.
Dr. Moreno attended classes in “Responsible Conduct of Research”, once a week for eight
consecutive weeks in the period of September-November, 2004. The course was comprised of
lectures on environmental health and safety, use and protection of human subjects and lab animals,
conflicts of interest, publication, intellectual property and data, error, negligence or misconduct and
response to violations of ethical standards. She also received a lecture on “How to Write a Grant” on
December 2005. This lecture sponsored by the Office of Postdoctoral Affairs is a training workshop
was dedicated to examine the mechanisms of writing and assembling an NIH grant. During the
period of January to April 2006, Dr. Moreno attended the series of Scientific Management, developed
by the by the Office of Postdoctoral Affairs and designed to provide with laboratory and research
management skills to launch a productive independent career.

Dr. Moreno has also gained experience in prostate cancer biology, normal and abnormal
prostate cell function, prostate cancer therapy, chemoprevention strategies and the design of new
treatment therapies to delay or prevent prostate cancer progression. The methods employed focus
on hormone action, nuclear receptors, and regulation of target gene transcription and protein
expression as well as metabolic studies of enzymatic activity and regulation of gene product
concentration. The methods applied included cell culture, gene expression analysis by real time RT-
PCR, Western blot, gene regulation studies, transfection and reporter gene assays.

During the period of September 2004 to September 2006, Dr. Moreno completed the
publication of six papers, three of them directly related to this fellowship published in the Journal of
Steroid Biochemistry and Molecular Biology, Cancer Research and Anticancer Research (see
Appendix I-Biosketch). The results of the current project have also been presented at several
meetings: (1) by Dr. Feldman at the 10" Prouts Neck Meeting on Prostate Cancer, in Maine in
October 2004, (2) at the Vitamin D Symposium on Cancer, organized by the NIH: Chemoprevention
& Cancer Treatment: Is there a role for vitamin D, 1la,25(OH)2-vitamin D3 or new analogs
(deltanoids)", in November, 2004 in Bethesda, Maryland, (3) at the 2nd Int. Symposium on Vitamin D
Analogs in Cancer Prevention and Therapy. May 2005, Lubeck, Germany, (4) by Dr. Moreno at the
Endocrine Society’s 87" Annual Meeting, in San Diego California in June 2005 and (5) at the

Endocrine Society’s 88" Annual Meeting, in Boston Massachusetts in June 2006.
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Research accomplishments

The major part of the scientific accomplishments is described in detail in the paper published in
Cancer Research (Vol. 65: 7917, Sept. 2005), found in the Appendix.

Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal
is to further define the mechanisms underlying these actions. We studied established human prostate
cancer cell lines and showed that calcitriol interferes with the metabolism of prostaglandins (PGs),

known stimulators of prostate cell growth in three ways:

- Calcitriol significantly repressed the mMRNA and protein expression of prostaglandin
endoperoxide synthase/cyclooxygenase-2 (COX-2), the key PG synthesis enzyme.

- Calcitriol up-regulated the expression of 15-hydroxyprostaglandin dehydrogenase, the
enzyme initiating PG catabolism.

- We found that this dual action was associated with decreased prostaglandin E2 secretion into
the conditioned media of prostate cancer cells exposed to calcitriol.

- Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing a
potential additional mechanism of suppression of the biological activity of PGs.

- Calcitriol treatment attenuated PG-mediated functional responses, including the stimulation of
prostate cancer cell growth and the up-regulation of PG target genes as c-fos.

- The combination of calcitriol with NSAIDs synergistically acted to achieve significant prostate
cancer cell growth inhibition at approximately 2 to 10 times lower concentrations of the drugs
than when used alone.

- The regulation of PG metabolism and biological actions constitutes a novel pathway of
calcitriol action that may contribute to its anti-proliferative effects in prostate cells.

- We propose that a combination of calcitriol and nonselective NSAIDs might be a useful
chemo-preventive and/or therapeutic strategy in men with prostate cancer, as it would allow
the use of lower concentrations of both drugs, thereby reducing their toxic side effects.

- Based on these observations we have recently initiated a clinical trial of calcitriol and
naproxen combination in PCa patients with advanced androgen-independent disease who
have failed other therapies. The regimen includes very high doses of calcitriol (45 micrograms
of DN-101 from Novacea) once weekly combined with naproxen (400 mg, twice daily) and the

initial results are promising (Srinivas et al, unpublished observations).
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REPORTABLE OUTCOMES

Publications:

Moreno J., Krishnan A.V., Swami S., Nonn L., Peehl D.M., Feldman, D. 2005. Regulation of
prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells.
Cancer Res. 65: 7917-7925.

Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-
proliferative effects of Vitamin D in prostate cancer. J. Steroid. Biochem. Mol. Biol. 97: 31-36.
Moreno, J., Krishnan, A.V., Feldman, D. 2006. Mechanisms of vitamin D-mediated growth
inhibition in prostate cancer cells: inhibition of the prostaglandin pathway.
Anticancer Res. 26(4A): 2525-2530.

Krishnan AV, Moreno J, Nonn L, Swami S, Peehl DM and Feldman D. Calcitriol as a
Chemopreventive and Therapeutic Agent in Prostate Cancer: Role of Anti-inflammatory

Activity. J. Bone Mineral. Res. In press.

Scientific Meetings:

Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of
Vitamin D in prostate cancer. 10" Prouts Neck Meeting on Prostate Cancer, Prouts Neck,
Maine October 2004,

Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of
Vitamin D in prostate cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer
Treatment: Is there a role for vitamin D, 1a,25(OH)2-vitamin D3 or new analogs (deltanoids)"
November, 2004, Bethesda, Maryland.

Moreno, J., Krishnan, A.V., Feldman, D. Pathways mediating the growth inhibitory actions of
Vitamin D in prostate cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in
Cancer Prevention and Therapy. May 2005, Liubeck, Germany. Anticancer Res. 25. 2290.
Moreno J., Krishnan AV, Feldman D. Regulation of prostaglandin metabolism by calcitriol:
Potential role in the treatment of prostate cancer. Endocrine Society’s 87" Annual Meeting, in
San Diego California, June 2005.

Moreno J., Krishnan AV, Peng L, Swami S, Johnson C, Feldman D. Regulation of
prostaglandin metabolism by calcitriol. Endocrine Society’s 88™ Annual Meeting, in Boston

Massachusetts, June 2006.

Clinical Trial.

Our findings have now been translated to a clinical trial in men with advanced, androgen-

independent prostate cancer who have failed other therapies. The trial is being carried out by Dr.

Sandy Srinivas, a medical oncologist who runs the urology cancer section at Stanford University

School of Medicine with the assistance of Dr. Feldman. The protocol includes DN 101 (Novacea) 45
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micrograms once weekly and naproxen 400 mgms twice daily. At this time 12 patients have been

entered into the trial and accrual is continuing. A majority of the pateints have shown a prolongation
of the PSA doubling time indicating a slowing of the prostate cancer growth. Considering that these
men have failed all other therapies, this finding is very encouraging of a unique benefit of this

therapeutic regimen.
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CONCLUSIONS

Our research is directed at understanding the molecular mechanisms of the anti-proliferative
activity of calcitriol in prostate cells with the goal of developing strategies to improve PCa treatment.
Using cDNA microarrays we have recently found that calcitriol modulates the expression genes
involved in PG metabolism. Calcitriol reduces the expression of COX-2 gene, the enzyme that
catalyzes PG synthesis and up-regulates the expression of 15-PGDH gene, the enzyme involved in
PG inactivation. In the current project we found that calcitriol acts by three separate mechanisms:
decreasing COX-2 expression, increasing 15-PGDH expression, and reducing PG receptor mRNA
levels. We believe that these actions contribute to suppress the proliferative stimulus provided by PGs
in prostate cancer cells. Calcitriol treatment attenuated PG-mediated functional responses, including
the stimulation of prostate cancer cell growth, the secretion of PGs to the conditioned media of PCa
cells treated with calcitriol and blocking the up-regulation of PG target genes. The combination of
calcitriol with nonsteroidal anti-inflammatory drugs (NSAIDs), known inhibitors of the enzymatic
activity of COX-2, synergistically acted to achieve significant prostate cancer cell growth inhibition at
~2 to 10 times lower concentrations of the drugs than when used alone. The regulation of PG
metabolism and biological actions constitutes an additional novel pathway of calcitriol action
mediating its anti-proliferative effects in prostate cells. We propose that a combination of calcitriol and
a nonselective NSAID, such as naproxen, might be a useful therapeutic and/or chemo-preventive
strategy in prostate cancer, as it would achieve greater efficacy and allow the use of lower
concentrations of both drugs, thereby reducing their toxic side effects. The action of calcitriol at the
genomic level to suppress COX-2 gene expression will decrease the levels of COX-2 protein and
allow the use of lower the concentrations of NSAIDs needed to inhibit COX-2 enzyme activity. The
most significant contribution of the present project was the establishment of a rationale for the
treatment advanced PCa. Recently Drs. S. Srinivas and D. Feldman at Stanford University have
initiated a clinical trial treating patients with advanced androgen-independent disease who have failed
other therapies with a combination of calcitriol and naproxen. The regimen includes very high doses
of calcitriol (45 micrograms of DN-101 from Novacea) once weekly combined with naproxen (400 mg,
twice daily). The initial results indicate a reduction of the PSA rise in some patients (Srinivas et al,

unpublished observations).



Moreno J. PC040120

REFERENCES

1 D. Feldman, R. J. Skowronski, D. M. Peehl, Adv. Exp. Med. Biol. 375, 53 (1995).

2 G. J. Miller, Cancer Metastasis Rev 17, 353 (1998).

3 B. R. Konety, R. H. Getzenberg, Urol Clin North Am 29, 95 (Feb, 2002).

4 A. V. Krishnan, D. M. Peehl, D. Feldman, J. Cell Biochem. 88, 363 (Feb 1, 2003).

5 T. C. Chen, M. F. Holick, Trends Endocrinol Metab 14, 423 (Nov, 2003).

6 T. M. Beer, A. Myrthue, Mol. Cancer Ther. 3, 373 (Mar, 2004).

7 L. V. Stewart, N. L. Weigel, Exp. Biol. Med. (Maywood) 229, 277 (Apr, 2004).

8 D. L. Trump et al., J. Steroid. Biochem. Mol. Biol. 89-90, 519 (May, 2004).

9 A. V. Krishnan, D. M. Peehl, D. Feldman, in Vitamin D D. Feldman, Pike JW, F. Glorieux, Eds. (Academic
Press, San Diego, 2005) pp. 1679-1707.

10. A. V. Krishnan et al., Prostate 59, 243 (May 15, 2004).

11. D. M. Peehl et al., J Steroid Biochem Mol Biol 92, 131 (Oct, 2004).

12. J.R. Vane, Y. S. Bakhle, R. M. Botting, Annu Rev Pharmacol Toxicol 38, 97 (1998).

13. A. Kirschenbaum, X. Liu, S. Yao, A. C. Levine, Urology 58, 127 (Aug, 2001).

14. T. Hussain, S. Gupta, H. Mukhtar, Cancer Lett 191, 125 (Mar 10, 2003).

15. J. Moreno, A. V. Krishnan, D. Feldman, J Steroid Biochem Mol Biol 97, 31 (Oct, 2005).

16. J. Moreno, A. V. Krishnan, D. M. Peehl, D. Feldman, Anticancer Res 26, 2525 (Jul-Aug, 2006).

17. R. S. Pruthi, E. M. Wallen, Clin Genitourin Cancer 4, 203 (Dec, 2005).

18. D. Wang, R. N. Dubois, Gut 55, 115 (Jan, 2006).

19. C. M. Ensor, H. H. Tai, J Lipid Mediat Cell Signal 12, 313 (Oct, 1995).

20. Y. Ding, M. Tong, S. Liu, J. A. Moscow, H. H. Tai, Carcinogenesis 26, 65 (Jan, 2005).

21. M. Yan et al., Proc Natl Acad Sci U S A 101, 17468 (Dec 14, 2004).

22. A. W. Norman, M. T. Mizwicki, W. H. Okamura, Recent Results Cancer Res 164, 55 (2003).

23. J. Moreno et al., Cancer Res 65, 7917 (Sep 1, 2005).

24, S. Ahmed, C. S. Johnson, R. M. Rueger, D. L. Trump, J Urol 168, 756 (Aug, 2002).



Moreno J. PC040120 19

APPENDIX |
BIOGRAPHICAL SKETCH
NAME POSITION TITLE
Jacqueline Moreno Postdoctoral fellow
EDUCATION/TRAINING
INSTITUTION AND LOCATION DEGREE YEAR(S) FIELD OF STUDY
(if applicable)
Center for Research and Advanced Studies, Mexico City. M.S. 1998 | Cell Biology
MEXICO
Center for Research and Advanced Studies, Mexico City. Ph.D. 2002 | Cell Biology
MEXICO

Doctoral Research. July 1998- October 2002. Department of Physiology, Biophysics and Neurosciences, Center for
Research and Advanced Studies. Research Advisor Dr. Marcelino Cereijido.

Molecular and cell biology of the epithelial transporting phenotype.

- Study of the sorting signals and mechanisms involved in membrane protein targeting.
- Analysis of protein-protein interaction motifs and their involvement in determining protein stability and
retention.
- Role of tight junction associated protein phosphorylation on epithelial cell functional integrity.
Research Experience
Postdoctoral Associate. October 2002-June 2003, Center for Research and Advanced Studies. Study of the role of tight
junction proteins and Na,K-ATPase -subunit on epithelial transport phenotype genesis and maintenance.
Postdoctoral Fellow. November 2003- . Stanford University. Analysis of the mechanisms of 1a,25-DihydroxyVitamin-D3.
Scholarships
1993-1999. Fellow of the National Science and Technology Council (CONACyT, Mexico).
2004- Postdoctoral Traineeship Award. Department of Defense Prostate Cancer Research Program (PC04120).
Publications and Presentations
- Avila-Flores, A., Rendon-Huerta, E., Moreno, J., Islas, S., Betanzos, A., Robles-Flores, M., Gonzalez-
Mariscal, L. 2001. Tight-junction protein zonula occludens 2 is a target of phosphorylation by protein kinase C.
Biochem. J. 360: 295-304
- Moreno, J., Cruz-Vera, L.R., Garcia-Villegas, M.R., Cereijido, M. 2002. Polarized expression of Shaker
channels in epithelial cells. J. Membr. Biol. 190: 175-187.
- Jaramillo, B.E., Ponce, A., Moreno, J., Betanzos, A., Huerta, M., Lopez-Bayghen, E., Gonzalez-Mariscal, L.
2004. Characterization of the tight junction protein ZO-2 localized at the nucleus of epithelial cells. Exp. Cell
Res. 297: 247-258.
- Feldman, D., Moreno, J., Krishnan, A.V. 2004. Pathways mediating the growth inhibitory actions of vitamin D
in prostate cancer. Abstract in the Workshop on Cancer Chemoprevention & Cancer Treatment: Is there a role
for vitamin D, 1a,25(OH),-vitamin D3; or new analogs (deltanoids)?. NIH, Bethesda, MD.
- Shoshani, L., Contreras, R.G., Roldan, M.L., Moreno, J., Lazaro, A., Balda, M.S., Matter, K., Cereijido, M.
2005. The polarized expression of Na+,K+-ATPase in epithelia depends on the association between beta-
subunits located in neighboring cells. Mol. Biol. Cell. 16: 1071-1081.
- Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-proliferative effects
of Vitamin D in prostate cancer. J. Steroid Biochem. Mol. Biol.
- Moreno, J., Krishnan, A.V., Swami, S., Nonn, L., Peehl, D.M., Feldman, D. 2005. Regulation of
prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells. Cancer Res. 65:
7917-7925.
- Moreno, J., Krishnan, A.V., Peehl, D.M., Feldman, D. 2006. Mechanisms of vitamin D-mediated growth
inhibition in prostate cancer cells: inhibition of the prostaglandin pathway. Anticancer Res. 2006; 26(4A):
2525-2530.
Scientific Meetings:

- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin D in prostate
cancer. 10" Prouts Neck Meeting on Prostate Cancer, Prouts Neck, Maine October 2004,

- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin D in prostate
cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer Treatment: Is there a role for vitamin D,
1a,25(0OH)2-vitamin D3 or new analogs (deltanoids)" November, 2004, Bethesda, Maryland.

- Moreno, J., Krishnan, A.V., Feldman, D. Pathways mediating the growth inhibitory actions of Vitamin D in prostate
cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and Therapy. May 2005,
Lubeck, Germany. Anticancer Res. 25. 2290.

- Moreno J., Krishnan A.V., Feldman D. Regulation of prostaglandin metabolism by calcitriol: Potential role in the
treatment of prostate cancer. Endocrine Society’s 87" Annual Meeting, in San Diego California, June 2005.

- Moreno J., Krishnan A.V., Peng L., Swami S., Johnson C., Feldman D. 2006. Regulation of the Prostaglandin
Pathway by Calcitriol in Prostate Cancer. Endocrine Society’s 88" Annual Meeting, in Boston Massachusetts, June
2006.
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APPENDIX II

Publications relevant to this award:
2004-2005:
J. Steroid Biochem. Mol. Biol. 2005; 97(1-2): 31-36.
Cancer Res. 65: 7917-7925.

2005-2006:
Anticancer Res. 2006; 26(4A): 2525-2530.

Scientific Meetings:
2004-2005:

- 10" Prouts Neck Meeting on Prostate Cancer, Prouts Neck, Maine October 2004,

- Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and
Therapy. May 2005, Lubeck, Germany. Anticancer Res. 25. 2290.

- Endocrine Society’s 87" Annual Meeting, in San Diego California, June 2005.
2005-2006:

- Endocrine Society’s 88™ Annual Meeting, in Boston Massachusetts, June 2006.
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Molecular mechanisms mediating the anti-proliferative effects
of Vitamin D in prostate cancer

Jacqueline Moreno, Aruna V. Krishnan, David Feldrhan

Department of Medicine, Division of Endocrinology, Stanford University School of Medicine, Stanford, CA 94305, USA

Abstract

Calcitriol (1,25-dihydroxyvitamin B) inhibits the growth and stimulates the differentiation of prostate cancer (PCa) cells. The effects of
calcitriol are varied, appear to be cell-specific and result in growth arrest and stimulation of apoptosis. Our goal was to define the genes
involved in the multiple pathways mediating the anti-proliferative effects of calcitriol in PCa. We used cDNA microarray analysis to identify
calcitriol target genes involved in these pathways in both LNCaP human PCa cells and primary prostatic epithelial cells. Interestingly, two of
the target genes that we identified play key roles in the metabolism of prostaglandins (PGs), which are known stimulators of PCa cell growth
and progression. The expression of the PG synthesizing cyclooxygen@&#X22) gene was significantly decreased by calcitriol, while that
of PG inactivating 15-prostaglandin dehydrogenase gene (15-PGDH) was increased. We postulate that this dual action of calcitriol would
reduce the levels of biologically active PGs in PCa cells decreasing their proliferative stimulus and contribute to the growth inhibitory actions
of calcitriol. In addition, we propose that calcitriol can be combined with non-steroidal anti-inflammatory drugs that inhibit COX activity, as
a potential therapeutic strategy to improve the potency and efficacy of both drugs in the treatment of PCa.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: CYP24; CYP27B1; VDR; cDNA arrays; Target genes; Prostaglandins; 15-PGDH; COX-2; NSAIDs

1. Introduction of Vitamin D, has emerged in recent years as a promising
therapeutic agent in the treatment of P@all]. Calcitriol
Prostate cancer (PCa) is the most commonly diagnosedis an important regulator of calcium homeostasis and bone
malignancy and the second leading cause of cancer death imetabolism through its actions in intestine, bone, kidney
North American men. Primary therapy to treat PCa involves and the parathyroid gland42]. In addition to these clas-
the surgical removal of the prostate or radiation therapy. sical actions, calcitriol also exerts anti-proliferative and pro-
However, in many men the cancer progresses to advancedlifferentiating effects in a number of tumors and malignant
or metastatic disease. Androgens play a crucial role in the cells including PCa raising the possibility of its use as an
development, growth and maintenance of the prostate. Mostanti-cancer agent.
patients with metastatic PCa who have failed the primary
therapy, receive drugs that block the production of andro-
gens[1]. Although most men have a good initial response 2. Calcitriol and prostate cancer
to the androgen deprivation therapy, almost all of them
will eventually relapse after an average of 2—3 years. This 2.1. Epidemiological and genetic studies
progression develops when the cancer has evolved from
androgen-dependent to androgen-independent PCa (AIPC) PCa development has been shown to be associated with
with limited treatment options and becomes ultimately lethal. age, genetic factors and rgdé. Various studies indicate that
1,25-Dihydroxyvitamin B (calcitriol), the active metabolite  dietary[13] and environmental factors also play arole in PCa
genesis. Epidemiological data provide a strong correlation
* Corresponding author. Tel.: +1 650 725 2910; fax: +1 650 725 7085.  between the exposure to sunlight and the prevalence of cer-
E-mail addressfeldman@cmgm.stanford.edu (D. Feldman). tain cancers, particularly prostate candet]. Since UV light

0960-0760/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2005.06.012
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is essential for Vitamin D synthesis in the skin, these studies 3.2. Differential sensitivity to calcitriol action and
have led to the suggestion that low circulating levels of cal- 24-hydroxylase (CYP24) expression

citriol increase the probability of developing PCa. Moreover,

polymorphisms in the gene encoding the Vitamin D receptor
(VDR), which mediates the biological activity of calcitriol,
may be involved in the development and or progression of
PCa[2-11,13,15].

2.2. Prostate as a target for calcitriol

24-Hydroxylase or CYP24 is the enzyme that initiates
calcitriol catabolism in target cellg2]. Calcitriol induces
the expression of CYP24 in target cells. Therefore, calcitriol
initiates its own inactivation. CYP24 is widely expressed in
calcitriol target tissues including the prost§i®]. We and
others have demonstrated that the anti-proliferative action of

calcitriol varies among PCa cells and is inversely related to

Many studies have demonstrated a beneficial effect of the level of CYP2416,18]. For example, the DU145 PCa
calcitriol to inhibit PCa growth and progressif#+11]. Cal- cells, which are resistant to the growth inhibitory action of
citriol exerts anti-proliferative actions in several PCa cell calcitriol, exhibit a high expression of CYP24. Treatment of
lines[16-18], as well as in primary cultures of normal and the DU145 cells with liarozole, an inhibitor of P450 enzymes,
cancer cells derived from surgical specimens taken from mensensitizes the cells to the anti-proliferative actions of calcitriol
with PCa[19]. The inhibition of PCa cell growth is seen [24]. Similarly, Peehl et al. showed that the combined treat-
in both androgen-dependent and AIPC c¢ll8]. Several ment with the general P450 inhibitor, ketoconazole and cal-
in vivo studies on tumor xenografts established by trans- citriol orits analog EB 1089, increased their growth inhibitory
planting clinical prostate tumors or cultured human PCa actions[25]. These results strongly suggest that the combi-
cells into immune-deficient mice have also demonstrated thenation of calcitriol with P450 inhibitors is a useful strategy to

tumor inhibitory effects of calcitrio]2—11]. The concentra-
tions of calcitriol required for eliciting a significant growth

inhibitory response in vivo causes hypercalcemia as a side
effect. Therefore, investigators have used structural analogs

of calcitriol that exhibit reduced calcemic effects in in vivo
studieg2—7,16]. Recent findings suggest that large doses of
calcitriol can be safely given to patients if administered inter-
mittently [8,10].

3. The role of calcitriol metabolism in cellular
responsiveness to the hormone

3.1. 25-Hydroxyvitamin p-1-a-hydroxylase (CYP27B1)

25-Hydroxyvitamin -1-a-hydroxylase (la-hydroxy-
lase or CYP27B1) is the enzyme mediating the conversion
of 25(OH)D;s to calcitriol in the kidney, which is the major
site of calcitriol synthesif 2]. Interestingly, ithas been found

that La-hydroxylase is also expressed in tissues other than the

kidney including the prostafg1]. This suggests that prostate
tissue is able to produce calcitriol locally and raises the pos-
sibility that hypercalcemia could be bypassed by treatment
with 25(0OH)Ds. However, we and other®2,23] demon-
strated a substantial reduction in la-hydroxylase activity in

human PCa cell lines and cancer derived primary prostate

epithelial cells compared to the cells derived from normal

prostate or benign prostatic hyperplasia (BPH). Based on
these findings we speculate that administration of 25(QH)D

to patients is unlikely to be effective as treatment of estab-
lished PCa. However, the fact that normal cells exhibit high
la-hydroxylase activity indicates that 25(OH)Bhay be use-

ful as a chemopreventive agent due to its local conversion to
the active hormone within the normal prostate. The cause for

enhance the anti-cancer activity of calcitriol in PCa treatment.

4. Clinical studies of calcitriol effects in PCa

A pilot clinical study from our lab provides evidence that
calcitriol effectively slows the rate of rise of serum pro-
static specific antigen (PSA) in patients with early recurrent
PCa after radical prostatectomy or radiation ther{Zsj.
However, the amount of calcitriol administered was limited
by the development of hypercalciuria. Recent advances in
the design of calcitriol analogs have resulted in potential
drugs with increased potency and less tendency to cause
hypercalcemig2-11]. The beneficial effects of calcitriol
have been observed only at supra-physiological concentra-
tions (>1 nmol/L). These high concentrations might be more
safely achieved without causing persistent hypercalcemia if
calcitriol is administered intermittentljB,10]. Recent tri-

als using intermittent high doses of calcitriol in combination
with chemotherapy drugs have shown a beneficial effect in
advanced PCR7] with calcitriol potentiating the anti-tumor
effects of many cytotoxic ageni8]. Trump et al. completed

a phase Il study of calcitriol and dexamethasone in AIPC.
This study showed a significant slowing in PSA rise in 80%
of the patients with the stabilization or decrease in PSA in
34%[10]. We believe that calcitriol or a new analog will prove
to be a very useful adjunct for the therapy of both androgen-
dependent PCa and AIPC. It is also possible that calcitriol
therapy will prove to be useful in PCa chemoprevention.

5. Molecular mechanisms mediating anti-cancer
response to calcitriol in PCa

The mechanisms governing the anti-proliferative actions

the decreased expression of la-hydroxylase in cancer cellsof calcitriol are not fully known[2-11]. A number of

remains to be determined.

important pathways have been shown to have a role in
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calcitriol-mediated growth inhibition. A primary mechanism Normal
of calcitriol action is to induce cell cycle arrest in the/Gg 3y LNcaP] [Pr°3tat? [ LNcaFl’
phase. The growth arrest appears to be due to an increase
in the expression of cyclin-dependent kinase inhibitors 2 [eh
p21WVaflCipl and p2¥iPl g decrease in cyclin-dependent W2h
kinase 2 (Cdk2) activity, accompanied by a reduction in
the nuclear fraction of this molecule and the hyperphospho-
rylation of the retinoblastoma protein (pRb). In addition,
calcitriolinduces apoptosis in some cells and down-regulates
some anti-apoptotic genes, like bcl-2. Loss of the expression
of cell cycle regulators has been associated with a more
aggressive cancer phenotype, decreased prognosis and 2 1
poorer survival. This suggests that calcitriol may be a . L ‘
suitable therapy to inhibit PCa progressi@+11]. Studies 3 15-PGDH COX-2
from our laboratory have implicated the increased expression _ ) o

Fig. 1. Regulation of 15-PGDH and COX-2 by calcitriol in LNCaP cells

_Of |nsuI|n-I|ke_gr(_)V\_/t_h faCtor binding pr(_)tgln-3 (_IGF_BP'S) and normal primary prostatic epithelial cells. LNCaP human prostate cancer
In the growth inhibition mdu_ced by calcitriol Wh|Ch_ INTUrN  celis or primary human prostatic epithelial cells derived from normal prostate
increases p2427Cipl expressiorf29]. Other mechanisms of  were treated with calcitriol (50 nM) for &7) or 24h @). PolyA* RNA

calcitriol actions in PCacells include the stimulation of differ-  was isolated and cDNAs were hybridized to a 24.192 element array. Data
entiation, modulation of growth factor actions and the inhibi- represent mean fold of increase or decrease of gene expression. (Adapted
. . . Lo . from Krishnan et al[30] and Peehl et a[31].)

tion of invasion and metastagia-11]. Some in vivo studies

have also demonstrated that the inhibition of angiogenesis
contributes to the anti-tumor effects of calcitrja-11].

Fold-modulation

normal primary prostate epithelial cells (d&ig. 1) [30,31].
Calcitriol also suppresses the expression of prostaglandin-
endoperoxide synthase gene, also known as cyclooxygenase-
o 2 (COX-2) in LNCaP cells (sekig. 1). We have confirmed

6. Novel calcitriol target genes calcitriol regulation of these two genes by real time RT-
PCR analysis. These data suggest that the regulation of PG

We perf(_)rmed _cDNA-microa_rray _anal_yses of normal and metabolism could be an important molecular pathway of cal-
cancer-derived primary prostatic epithelial cells and LNCaP ¢itrio| action in prostate cells.

human PCa cellg30,31]to identify the molecular targets by
which calcitriol mediates its effects on PCa cellable 1 6.1.1. COX-2

presents some of the genes regulated by calcitriol in prostate Prostaglandins play a role in the development and pro-

cells. Our studies have recently shown that calcitriol regulatesgression of PCa (for a review see RE2]). Accumulating

the expression of the genes involved in prostaglandin (PG) gyidence implicates PGs as mediators of proliferation of PCa
metabolism which has led us to hypothesize a new pathway|33] pG synthesis begins with the intracellular release of

for the anti-cancer activity of calcitriol, namely the regulation  5.5chidonic acid (AA) from plasma membrane via the action

of PG metabolisni30,31]. of phospholipase A2. COX is the rate-limiting enzyme that
catalyzes the conversion of AA to PG34]. The expres-
6.1. Calcitriol effects on prostaglandin metabolism sion of COX-2 is rapidly induced by a variety of mitogens,

cytokines, tumor promoters and growth factors, and there-
Our microarray analyses showed that calcitriol up- fore COX-2 isregarded as an immediate-early response gene
regulates the expression of NARlependent 15-hydroxy-  [34]. Compelling evidence from genetic and clinical studies
prostaglandin dehydrogenase (15-PGDH) in LNCaP and indicates that increased expression of COX-2 is one of the

Table 1
Genes modulated by calcitriol in prostate cells
Gene Cell type Fold change

6h 24h
Insulin-like growth factor binding protein-3 LNCaP 242 33.2
Vitamin D 24-hydroxylase Normal prostate primary cells 179 8.5
Vitamin D 24-hydroxylase PCa-derived epithelial cells 78.1 %6.1
15-Hydroxyprostaglandin dehydrogenase Normal prostate primary cells 12 23
15-Hydroxyprostaglandin dehydrogenase LNCaP 0.95 2.66
Cyclooxygenase-2 LNCaP —0.66 —2.13

Adapted from Krishnan et a]30] and Peehl et a[31].
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key steps in carcinogenesis. Constitutive and high-levels of actions to reduce COX-2 expression and increase 15-PGDH
COX-2 activity have been detected in colon, lung, breast and expression. We further propose that the modulation of PG
prostate cancdB3,35]. It is known that high levels of PGE metabolism is an important molecular mechanism mediating
one of the products of COX-2 activity, stimulate epithelial the anti-proliferative and anti-metastatic activities of cal-
cell growth [33], promote cell survival and invasioi36]. citriol.

Several studies have demonstrated COX-2 over-expression

in prostate adenocarcinonjd2,37] suggesting a positive

role for COX-2 in prostate tumorigenesis. COX-2 expression 7. Calcitriol and NSAIDs

appears to be linked to cell survival. For example, COX-2

over-expression leads to the stabilization of surviids], Recent exciting findings show that non-steroidal anti-
a member of the inhibitor of apoptosis protein family that inflammatory drugs (NSAIDs) exert chemopreventive effects
block caspase activation. The stabilization of survivin alters in several cancel82,45]. NSAIDs have also been shown to
the balance between pro- and anti-apoptotic pathways lead-suppress PCa development and progred8i2j46]. The pri-

ing to resistance to apoptosis. COX-2 expression has alsomary action of NSAIDs is to inhibit PG synthesis by directly
been associated with angiogenesis and tumor metaf8@}is  inhibiting the enzymatic activity of COX-1 as well as COX-
and the administration of a COX-2 inhibitor suppresses the 2. Many in vitro and in vivo studies have demonstrated that
growth of prostate tumor xenograft in mice by inhibiting NSAIDs inhibit PCa growth and cause apoptosis of PCa
angiogenesi$32]. We have found that calcitriol treatment cells [32,45]. However, many NSAIDs exhibit differences
decreases COX-2 gene expression in PCa cells (F{§01.) between their ability to inhibit COX-2 and to induce apopto-
Our data suggest that COX-2 suppression by calcitriol might sis suggesting that apoptosis induction may be independent
contribute to the hormone’s tumor inhibitory actions and anti- of COX-2 inhibition [47]. The actions of NSAIDs on 15-

metastatic potential. PGDH are not clear. While many NSAIDs have been shown
to inhibit the enzymatic activity of 15-PGDH 8], the non-
6.1.2. 15-PGDH selective NSAID indomethacin has been reported to enhance

15-PGDH catalyzes the conversion of PGs into mostly the expression and activity of 15-PGDH in thyroid carcinoma
inactive 15-keto derivativg89]. A growing body of evidence  [49].
has implicated 15-PGDH as a potential target for cancer ther-  We hypothesize that the combination of calcitriol and
apy [40,41]. Various studies indicate that 15-PGDH acts as NSAIDs would be additive/synergistic in their activity to
a putative tumor suppressor gene in lung cagg}. Back- inhibit PCa growth. The action of calcitriol at the genomic
lund et al.[42] demonstrated a down-regulation of 15-PGDH level to suppress COX-2 gene expression will decrease the
expression in colorectal carcinoma. 15-PGDH has recently levels of COX-2 protein and allow the use of lower concen-
been described as an oncogene antagonist that functions agations of NSAIDs to inhibit COX-2 enzyme activity. The
a tumor suppressor in colon candéB]. The study found action of calcitriol to increase 15-PGDH expression would
that 15-PGDH, which physiologically antagonizes COX-2, also complement NSAID action. The use of COX-2 selec-
was universally expressed in normal colon specimens buttive NSAIDs has recently been shown to cause some serious
was routinely absent or severely reduced in cancer speci-cardiovascular side effects, such as increased risk of heart
mens. The study also showed that 15-PGDH expression wasattacks, stroke, sudden death and blood ¢&@% The unde-
induced by transforming growth fact@ (TGFB) and that sirable effect of calcitriol therapy is limited to hypercalcemia.
colon tumor cells exhibited mutations in TGF@ceptors or We propose that a combination therapy of calcitriol with
the genes involved in the SMAD signaling pathway explain- a NSAID would allow the use of lower concentrations of
ing the decreased 15-PGDH levels in colon cancer. Most both drugs, thus reducing their individual side effects while
importantly, stable transfection of a 15-PGDH expression increasing their anti-proliferative and pro-apoptotic activi-
vector into cancer cells greatly reduced the ability of the cells ties.
to formtumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of
the oncogene COX-2 and had an additional effect to inhibit 8. Conclusions
angiogenesis in vivi43]. Our studies show an up-regulation
of 15-PGDH gene expression by calcitriol in normal and Our research is directed at understanding the molecu-
malignant prostate cells (Fig. I30,31] and this regula- lar mechanisms of the anti-proliferative activity of calcitriol
tion might mediate some of the anti-cancer effects of cal- in prostate cells with the goal of developing strategies to
citriol. Interestingly, calcitriol has also been shown to induce improve PCa treatment. Using cDNA microarrays we have
the expression of 15-PGDH in human neonatal monocytesrecently found that calcitriol modulates the expression genes
[44]. involved in PG metabolism. Calcitriol suppresses the expres-
Based on our observations summarizedlable 1, we sion of COX-2 gene, the enzyme that catalyzes PG synthe-
hypothesize that calcitriol treatment of PCa cells would sis and up-regulates the expression of 15-PGDH gene, the
reduce the levels of biologically active PGs due to its dual enzyme involved in PG inactivation. We hypothesize that
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calcitriol treatment of PCa cells would reduce the levels of [6] A.V. Krishnan, D.M. Peehl, D. Feldman, The role of Vitamin D
biologically active PGs due to its dual actions on COX-2 and in prostate cancer, Recent Results Cancer Res. 164 (2003) 205-
15-PGDH expression, and thereby decrease the PG-mediated _ 221 o .
liferati fi | We furth that th lcitriol [7] T.C. Chen, M.F. Holick, Vitamin D and prostate cancer prevention
profiterative sumulus. Ve turther F’mpose atthe Ca, CItro and treatment, Trends Endocrinol. Metab. 14 (2003) 423-430.
effects W0U|d complement the action of NSAIDs, Wthh_are [8] T.M. Beer, A. Myrthue, Calcitriol in cancer treatment: from the lab
known inhibitors of both COX-1 and COX-2. The action to the clinic, Mol. Cancer Ther. 3 (2004) 373-381.
of calcitriol at the genomic level to suppress COX-2 gene [9] L.V. Stewart, N.L. Weigel, Vitamin D and prostate cancer, Exp. Biol.
expression will decrease the levels of COX-2 protein and ___ Med. (Maywood) 229 (2004) 277-284.

. [10] D.L. Trump, P.A. Hershberger, R.J. Bernardi, S. Ahmed, J. Muindi,
allow the use of lower the concentrations of NSAIDs needed M. Fakih, W.D. Yu, C.S. Johnson, Anti-tumor activity of calcitriol:

to_inhibit COX-2 enzyme activity. Acombination Ofcal_Citrim pre-clinical and clinical studies, J. Steroid Biochem. Mol. Biol.
with a NSAID would allow the use of lower concentrations of 89-90 (2004) 519-526.

both drugs, thus reducing their individual side effects while [11] A.V. Krishnan, D.M. Peehl, D. Feldman, in: D. Feldman, J.W. Pike,
increasing their anti-proliferative and pro-apoptotic activi- F. Glorieux (Eds.), Vitamin D and Prostate Cancer, Vitamin D, Aca-
ties. The combination approach is an attractive therapeutic demic Press, San Diego, 2005, pp. 1679-1707.

) . pp p 7 ".7[12] D. Feldman, P.J. Malloy, C. Gross, in: R. Osteoporosis, D. Marcus,
Strat?gy in t_he treatment of PCa and can be brought to clini- J. Feldman, Kelsey (Eds.), Vitamin D: Biology, Actions and Clinical
cal trials swiftly. Implications, vol. 1, Academic Press, San Diego, 2001, pp. 257—

303.

[13] J.M. Chan, P. Pietinen, M. Virtanen, N. Malila, J. Tangrea, D.
Albanes, J. Virtamo, Diet and prostate cancer risk in a cohort of
smokers, with a specific focus on calcium and phosphorus (Finland),
Cancer Causes Control 11 (2000) 859-867.

Since this paper was originally written we have used real- [14] C.L. Hanchette, G.G. Schwartz, Geographic patterns of prostate can-
time PCR and Western blot analyses to confirm that calcitriol cer mortality. Evidence for a protective effect of ultraviolet radiation,

inhibits PG actions in human PCa cell lines and primary pro- ___ Cancer 70 (1992) 2861-2869.

. . . s [15] Y. Xu, A. Shibata, J.E. McNeal, T.A. Stamey, D. Feldman, D.M.
static epithelial cells. We found that calcitriol increased the Peehl, Vitamin D receptor start codon polymorphism (Fokl) and

expression of 15-PGDH, rgduced the expression of COX- prostate cancer progression, Cancer Epidemiol. Biomarkers Prev. 12
2, and reduced the expression of EP2 and FP PG receptors.  (2003) 23-27.

These three calcitriol actions combine to decrease secreted!6] R.J. Skowronski, D.M. Peehl, D. Feldman, Vitamin D and
PGE, and block cell growth stimulated by arachidonic acid prostate cancer: 1,25 dihydroxyvitaming Beceptors and actions in

L . . . human prostate cancer cell lines, Endocrinology 132 (1993) 1952—
and exogenous PGs. Moreover, calcitriol, in combination 1960 P ¥ (1993)

with various NSAIDs, produces synergistic inhibition of PCa [17] R.J. Skowronski, D.M. Peehl, D. Feldman, Actions of Vitamig, D
cell growth atlower and safer drug concentrations. These data  analogs on human prostate cancer cell lines: comparison with 1,25-
suggest that calcitriol and NSAIDs may be a useful combina- dihydroxyvitamin &y, Endocrinology 136 (1995) 20-26.

tion for chemotherapy and/or chemoprevention of PCa. Thesel18] G-J- Miller, G.E. Stapleton, T.E. Hedlund, K.A. Moffat, Vitamin D

. . . receptor expression, 24-hydroxylase activity, and inhibition of growth
new findings are now in press in Cancer Research 2005. by lalpha,25-dihydroxyvitamin $in seven human prostatic carci-

noma cell lines, Clin. Cancer Res. 1 (1995) 997-1003.
[19] D.M. Peehl, R.J. Skowronski, G.K. Leung, S.T. Wong, T.A. Stamey,
Acknowledgements D. Feldman, Antiproliferative effects of 1,25-dihydroxyvitamirg D
on primary cultures of human prostatic cells, Cancer Res. 54 (1994)
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Abstract

Calcitriol exhibits antiproliferative and prodifferentiation
effects in prostate cancer. Our goal is to further define the
mechanisms underlying these actions. We studied established
human prostate cancer cell lines and primary prostatic epi-
thelial cells and showed that calcitriol regulated the expression
of genes involved in the metabolism of prostaglandins (PGs),
known stimulators of prostate cell growth. Calcitriol signifi-
cantly repressed the mRNA and protein expression of prosta-
glandin endoperoxide synthase/cyclooxygenase-2 (COX-2),
the key PG synthesis enzyme. Calcitriol also up-regulated the
expression of 15-hydroxyprostaglandin dehydrogenase, the
enzyme initiating PG catabolism. This dual action was
associated with decreased prostaglandin E, secretion into
the conditioned media of prostate cancer cells exposed to
calcitriol. Calcitriol also repressed the mRNA expression of
the PG receptors EP2 and FP, providing a potential additional
mechanism of suppression of the biological activity of PGs.
Calcitriol treatment attenuated PG-mediated functional
responses, including the stimulation of prostate cancer cell
growth. The combination of calcitriol with nonsteroidal anti-
inflammatory drugs (NSAIDs) synergistically acted to achieve
significant prostate cancer cell growth inhibition at ~2 to 10
times lower concentrations of the drugs than when used alone.
In conclusion, the regulation of PG metabolism and biological
actions constitutes a novel pathway of calcitriol action that may
contribute to its antiproliferative effects in prostate cells. We
propose that a combination of calcitriol and nonselective
NSAIDs might be a useful chemopreventive and/or therapeutic
strategy in men with prostate cancer, as it would allow the use
of lower concentrations of both drugs, thereby reducing their
toxic side effects. (Cancer Res 2005; 65(17): 7917-25)

Introduction

In the United States, prostate cancer remains the most common
solid tumor malignancy in men, causing ~ 30,000 deaths in 2005 (1).
Effective treatment options include surgery and radiation therapy.
The main treatment strategy for advanced prostate cancer involves
androgen deprivation therapy to which patients initially respond
very well. However, most patients eventually fail this therapy and
frequently develop metastatic disease. Current research on prostate
cancer aims to identify new agents that would prevent and/or inhibit
its progression.

Requests for reprints: David Feldman, Stanford University School of Medicine,
Room S025, 300 Pasteur Drive, Stanford, CA 94305-5103. Phone: 650-725-2910; Fax: 650-
725-7085; E-mail: feldman@cmgm.stanford.edu.
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1,25-Dihydroxyvitamin D; (calcitriol), the active form of
vitamin D, is the major regulator of calcium and phosphate
homeostasis in bone, kidney, and intestine (2). However, calcitriol
has also been shown to exhibit antiproliferative and prodiffer-
entiation effects in many normal and malignant cells including
prostate cancer cells (3-10). There are multiple mechanisms
underlying the antiproliferative effects of calcitriol, which vary
between target cells (10). These include cell cycle arrest (9, 11)
and the induction of apoptosis (12). Several genes that mediate
these growth regulatory effects have been identified to be the
molecular targets of calcitriol action, such as p21, p27, bcl-2, and
insulin-like growth factor binding protein-3 (IGFBP-3; refs. 5-14).
We recently did cDNA microarray analyses to more fully
characterize the spectrum of genes regulated by calcitriol in
prostate cells (15, 16). Among the newly identified genes regulated
by calcitriol, we found two genes which play a key role in
prostaglandin (PG) metabolism: the prostaglandin endoperoxide
synthase-2 or cyclooxygenase (COX)-2 and the NAD"-dependent
15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are
synthesized from free arachidonic acid (17) by COXs. There are
two well-characterized COX isoforms: COX-1, a constitutive form
of the enzyme, and COX-2, an inducible form of the enzyme. PGs
are implicated in the initiation and progression of many
malignancies including prostate cancer (18-20). Tumor cells with
elevated COX-2 levels are highly resistant to apoptosis, show
increased angiogenic potential, and exert suppressive effects on
host immunity (19, 20). Nonsteroidal anti-inflammatory drugs
(NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic
activity, are under intense investigation to prevent and/or treat
malignancies (19, 21). 15-PGDH, which mediates the catalytic
inactivation of PGs by converting them to the corresponding keto
derivatives, has been found to be down-regulated in some cancers
(22, 23) and has recently been regarded as a tumor suppressor
gene (24).

In the current study, we investigated the regulation of COX-2 and
15-PGDH by calcitriol in the androgen-dependent LNCaP and
androgen-independent PC-3 human prostate cancer cell lines as well
as in primary prostatic epithelial cells derived from normal and
cancerous human prostate tissue. Calcitriol reduced the expression
of COX-2 and increased that of 15-PGDH. Calcitriol treatment of
prostate cancer cells decreased the concentration of prostaglandin
E, (PGE,) secreted into the conditioned medium. In addition,
calcitriol also decreased the expression of the mRNA of PG receptors
EP2 and FP. Our data indicate that these mechanisms led to the
attenuation of PG-mediated functional responses by calcitriol,
including the suppression of PG stimulation of cell growth. Further,
our study showed that the combination of calcitriol and NSAIDs
exhibited synergistic growth inhibition, suggesting that the combi-
nation might be a useful therapeutic and/or chemopreventive
strategy in prostate cancer.
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Materials and Methods

Materials

PGE,, prostaglandin F,, (PGF,,), arachidonic acid, NS-398, and SC-58125
were obtained from Cayman Chemical Co. (Ann Arbor, MI). Calcitriol was a
gift from Leo Pharma A/S (Ballerup, Denmark). All stock solutions were
made in 100% ethanol and stored at —20°C. Tissue culture media were
obtained from Mediatech, Inc. (Herndon, VA). Tissue culture supplements
and fetal bovine serum (FBS) were obtained from Life Technologies, Inc.
(Grand Island, NY).

Methods

Cell culture. LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435)
cells were grown in RPMI 1640 supplemented with 5% FBS, 100 IU/mL of
penicillin, and 100 pg/mL streptomycin (Life Technologies). Cells were
maintained at 37°C with 5% CO, in a humidified incubator. Primary cells
were derived from radical prostatectomy specimens from men undergoing
surgery for prostate cancer treatment. None of the patients had received prior
therapy for prostate cancer. The normal cell strains (E-PZ-1 to -3) were
derived from peripheral zone tissue with no histologic evidence of cancer in
adjacent sections. The cancer cell strains used, E-CA-1 (Gleason grade 3/3),
E-CA-2 (Gleason grade 4/5), and E-CA-3 (Gleason grade 4/3), were derived
from adenocarcinoma specimens. Primary cell cultures were established
from the prostate tissue samples and propagated in culture as we have
previously described (25).

Cell proliferation assay. Prostate cancer cells were seeded at an initial
density of 1.5 x 10° cells/well in six-well tissue culture plates and allowed to
attach overnight in RPMI 1640 with 5% FBS. Cell cultures were shifted to
medium containing 2% FBS and treated in triplicate over the next 6 days with
either 0.1% ethanol vehicle or the indicated concentrations of drugs. Fresh
media and the drugs were replenished every other day. At the end of the
treatment, the cells were collected by gentle scraping and subjected to lysis in
0.2 N NaOH. Cell proliferation was assessed by the determination of DNA
content (26).

RNA isolation and real-time reverse transcription-PCR. Total RNA
was isolated from vehicle or drug-treated cells by the Chomczynski method
using Trizol reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as
previously described (15). The yield and purity of isolated RNA were checked
by UV spectrophotometry. Five micrograms of total RNA were used in reverse
transcription reactions using the SuperScript III first strand synthesis kit
(Invitrogen). Gene expression in vehicle or calcitriol-treated cells was
determined by real-time PCR using the reverse transcription product and
gene-specific primers. The reactions were carried out with the DyNamo SYBR
Green gPCR kit (Finnzymes, Oy, MJ. Research, Reno, NV) in a 20 puL reaction
volume containing gene-specific primers (10 pmol). All real-time PCR
reactions were done in duplicate according to the following program:
incubation at 72°C for 5 minutes, incubation at 95°C for 5 minutes, and 40
cycles of 94°C for 20 seconds, 58°C for 15 seconds, and 72°C for 20 seconds.
PCR products were subjected to agarose gel electrophoresis to determine the
purity and size of the amplified products (27). Real-time PCR was carried out
using an Opticon 2 DNA engine (M.J. Research). Relative changes in mRNA
expression levels were assessed by the 2744 method (28). Changes in
mRNA expression of the different genes were normalized to that of TATA
binding protein (7BP) gene or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene. The primers used were as follows: COX-2: 5-GATACTCAGG-
CAGAGATGATCTACCC-3 (sense), 5~AGACCAGGCACCAGACCAAAGA-3'
(antisense); 15-PGDH: 5-GACTCTGTTCATCCAGTGCG-3 (sense), 5-CCTT-
CACCTCCATTTTGCTTACTC-3 (antisense); c-fos: 5-GAATAAGATGGCTG-
CAGCCAAATGCCGCAA-3 (sense), 5~-CAGTCAGATCAAGGGAAGCCACA-
GACATCT-3' (antisense; ref. 29); EP2: 5-GTGCTGACAAGGCACTTCATGT-3
(sense), 5-TGTTCCTCCAAAGGCCAAGTAC-3 (antisense); FP: 5-GCACATT-
GATGGGCAACTAGAA-3 (sense), 5-GCACCTATCATTGGCATGTAGCT-3
(antisense); TBP: 5-CACTCACAGACTCTCACAACTGC-3' (sense), 5-
GTGGTTCGTGGCTCTCTTATC-3 (antisense); GAPDH: 5-GCCTCAAGAT-
CATCAGCA-3 (sense), 5-GTTGCTGTAGCCAAATTC-3' (antisense).

Measurement of prostaglandin E, secretion. Subconfluent LNCaP
cells were treated with vehicle or calcitriol for 48 hours. Conditioned media
were collected and secreted PGE, levels were quantitated using a PGE,

monoclonal enzyme immunoassay kit (Cayman Chemical) according to the
protocol of the manufacturer.

Western blot analysis. Cell lysates were prepared from vehicle or
calcitriol-treated cells by lysis with a buffer containing 50 mmol/L Tris-HCI,
1 mmol/L EDTA, and 1.6 mmol/L CHAPS (Sigma-Aldrich, St. Louis, MO)
supplemented with a protease inhibitor cocktail (Complet, Roche
Diagnostics GmbH, Mannheim, Germany). Lysates were incubated at 4°C
for 20 minutes and centrifuged at 10,000 X g for 1 minute to sediment
particulate material. The protein concentration of the supernatant was
measured by the Bradford method (30). Proteins were separated in either
10% NuPAGE gels in MOPS-SDS running buffer (Invitrogen) or 10%
polyacrylamide Tris-Tricine (Sigma-Aldrich) gels depending on the size of
the protein to be detected. After electrophoresis, proteins were transferred
onto nitrocellulose membranes by electroblotting. The COX-2 monoclonal
(1:1000 dilution) and 15-PGDH polyclonal antibodies (1:250 dilution) used in
our study were purchased from Cayman Chemicals. p-Actin monoclonal
antibody (dilution 1:500) was obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Membranes were incubated with the appropriate primary
antibodies followed by incubations with a secondary antibody to
immunoglobulin G conjugated to horseradish peroxidase (Cell Signaling
Technology, Inc., Beverly, MA). Immunoreactive bands were visualized using
the enhanced chemiluminescence Western blot detection system (Amer-
sham, Piscataway, NJ) according to the instructions of the manufacturer.
The blots were also probed for the expression of B-actin as a control. COX-2
protein was visualized as a ~70 kDa immunoreactive band. 15-PGDH
protein was visualized as a ~29 kDa immunoreactive band. Immunoreac-
tive bands were scanned by densitometry (HP Scanjet 7400C) and
quantified using Bio-Rad software (Bio-Rad, Hercules, CA). COX-2 or 15-
PGDH signals were normalized to {-actin levels in each sample.

Results

We previously showed by cDNA microarray analysis that calcitriol
regulated the expression of two of the key genes involved in PG
metabolism (i.e., COX-2 and 15-PGDH) in LNCaP human prostate
cancer cells (15) and 15-PGDH in primary normal prostatic epithelial
cells (16). In the present study, we extended these observations to
include an evaluation of calcitriol effects on the expression of these
two genes at both the mRNA and protein levels in LNCaP and PC-3
cells. In addition, we also examined the effects of calcitriol in
primary prostatic epithelial cell strains derived from normal
prostate as well as prostate adenocarcinoma specimens.

Down-regulation of cyclooxygenase-2 expression by calci-
triol. Real-time reverse transcription-PCR (RT-PCR) analysis
showed significant decreases in COX-2 mRNA levels in both
androgen-dependent LNCaP (~70% inhibition) and androgen-
independent PC-3 cells (~45% inhibition) due to calcitriol
treatment (Fig. 14). Although both LNCaP and PC-3 prostate cancer
cells have been shown to express COX-2 protein (31), we found that
PC-3 cells exhibited higher basal levels of COX-2 protein expression
when compared with LNCaP cells (not shown). We therefore used
PC-3 cells to assess the effect of calcitriol on COX-2 protein
expression. Figure 1B shows that the addition of 10 nmol/L calcitriol
to PC-3 cultures for 48 hours reduced COX-2 protein level to ~60%
of control, with 100 nmol/L calcitriol having no further effect.

Up-regulation of 15-hydroxyprostaglandin dehydrogenase
expression by calcitriol. We examined the effect of calcitriol on
15-PGDH mRNA levels in LNCaP and PC-3 cells. Our data show
that 10 nmol/L calcitriol increased 15-PGDH mRNA expression by
~3.6-fold in LNCaP cells and by ~ 3-fold in PC-3 cells (Fig. 1C).
We found that the basal protein expression of 15-PGDH varied
between different cell lines with the LNCaP exhibiting appreciable
levels of the 15-PGDH protein whereas barely detectable levels
were seen in PC-3 cells. Therefore, we examined the effect of
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Figure 1. Calcitriol regulates COX-2
and 15-PGDH expression in prostate
cancer cell lines. A, calcitriol decreases
COX-2 mRNA levels. Subconfluent
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calcitriol on 15-PGDH protein expression in LNCaP cells and
found a dose-dependent increase in 15-PGDH protein levels in
response to calcitriol treatment (Fig. 1D).

Calcitriol effects on cyclooxygenase-2 and 15-hydroxypros-
taglandin dehydrogenase mRNA levels in primary prostatic
epithelial cells. We extended our analysis to include calcitriol
effects on primary cultures of prostatic epithelial cells derived from
normal prostate as well as adenocarcinoma specimens removed at
surgery. Real-time RT-PCR analysis showed considerable decreases
(55-90%) in COX-2 mRNA levels in two of the three normal primary
cell strains tested (E-PZ-1 and E-PZ-3) after 24 hours of calcitriol
treatment (Fig. 24). In all three cancer-derived primary cultures
(E-CA-1 to -3) significant reductions (~ 48-60%) in COX-2 mRNA
levels were seen at an earlier time point, after 6 hours of calcitriol
treatment, and the down-regulatory effect was lost by 24 hours
except in the case of E-CA-2 (Fig. 2B). Figure 2C and D shows the
calcitriol-induced changes in 15-PGDH mRNA in primary prostatic
cells. In the normal primary cells, calcitriol treatment caused

appreciable increases in 15-PGDH mRNA in two of the three strains
tested. The time course of this effect showed minor differences. In
E-PZ-1 and E-PZ-2 cells significant increases (~ 2- to 18-fold) were
achieved at the end of 6 and 24 hours, respectively (Fig. 2C). In two
of three of the cancer-derived primary cultures (E-CA-2 and -3),
significant increases (~2- to 5-fold) were seen at the end of 24
hours (Fig. 2D). In general, the magnitude of COX-2 mRNA down-
regulation as well as 15-PGDH mRNA increase was more
pronounced in the primary cells derived from normal prostatic
tissue when compared with both the cancer-derived primary cells
and the established prostate cancer cell lines.

Effect of calcitriol on prostaglandin levels. As a result of the
dual action of calcitriol to down-regulate the expression of PG
synthesizing COX-2 and increase the PG catabolizing 15-PGDH, we
expected a reduction in PG production and secretion in prostate
cancer cells treated with calcitriol. We measured the levels of PGE,
in the conditioned media from LNCaP cells treated with various
concentrations of calcitriol for 48 hours. Figure 34 shows that the
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Figure 2. Calcitriol regulates the expression of COX-2 and 15-PGDH mRNA in primary prostatic epithelial cells. Primary cultures of prostatic epithelial cells

derived from the peripheral zone of normal prostate tissue (E-PZ-1 to -3) or adenocarcinoma (E-CA-1 to -3) were treated with 0.1% ethanol (Con) or with 10 nmol/L
calcitriol (Cal) for 6 or 24 hours. Total RNA was extracted and COX-2 and 15-PGDH mRNA levels were quantitated by real-time RT-PCR using gene-specific
primers as described in Materials and Methods. COX-2 and 15-PGDH mRNA levels were normalized to GAPDH mRNA levels and are given as a percent of control set
at 100%. Columns, mean from three experiments; bars, SE. Effect of calcitriol on COX-2 mRNA in three different normal primary epithelial cell strains (A) and in
cancer-derived cell strains (B). Changes in 15-PGDH mRNA in normal cell strains (C) and in cancer-derived cell strains (D). *, P < 0.05; **, P < 0.01; ***, P < 0.001,

when compared with control.

addition of calcitriol caused a significant reduction in PGE,
secretion with the maximal decrease (~ 34%) seen with 100 nmol/L
calcitriol.

Effects of calcitriol on prostaglandin receptor expression.
Prostate cancer cells have been shown to express the PGE receptor
subtypes EP2 and EP4 (29). We examined the effects of calcitriol on
the expression of the PGE, receptor isoforms EP1, EP2, EP3, and EP4,
and the PGF,, receptor FP. LNCaP cells treated with 10 nmol/L
calcitriol for 24 hours showed a significant ( ~ 45%) down-regulation
of EP2 mRNA (Fig. 3B). We did not detect any changes in the levels of
EP1, EP3, or EP4 mRNA following calcitriol treatment (not shown).
FP mRNA levels were also down-regulated (~33% decrease) by
calcitriol (Fig. 3C).

Inhibition of prostaglandin-mediated induction of c-fos
mRNA by calcitriol. Because calcitriol modulated the levels of
biologically active PGs as well as PG receptor expression, we
examined its effect on a PG-mediated functional response, (i.e., the
induction of the immediate-early gene c-fos; ref. 29). As serum is a
potent inducer of c-fos expression (32), we conducted the
experiment under serum-free conditions using PC-3 cells. Unlike
LNCaP, PC-3 cells could be briefly maintained in serum-free media
for calcitriol pretreatment and subsequent treatment with the PG
precursor arachidonic acid. PC-3 cells were pretreated with vehicle
or 10 nmol/L calcitriol for 48 hours followed by a brief (30 minutes)
exposure to exogenous arachidonic acid (3 umol/L) directly added
to the culture medium. RNA was then isolated and the induction of
c-fos mRNA was determined as an indicator of the biological
activity of PGs endogenously synthesized from arachidonic acid. As

shown in Fig. 3D, in vehicle pretreated cells arachidonic acid
exposure resulted in a significant induction (~ 2.5-fold) of c-fos
mRNA levels after 30 minutes. Calcitriol pretreatment completely
abrogated the induction of ¢-fos mRNA due to arachidonic acid
addition. Calcitriol pretreatment by itself caused a minor increase
in c-fos mRNA levels when compared with vehicle pretreated cells,
which was not statistically significant.

Effects of calcitriol on prostaglandin-mediated growth
stimulation. We examined the effect of calcitriol on the stimulation
of prostate cancer cell growth by exogenous PG addition as well as by
endogenous PGs derived from the substrate arachidonic acid added
to the culture medium. We treated LNCaP and PC-3 cells with
arachidonic acid (3 pmol/L), PGE,, or PGF,, (10 pmol/L each) in the
absence or presence of 10 nmol/L calcitriol. Our results revealed a
moderate but significant growth stimulation by arachidonic acid
and exogenous PGs in both LNCaP (Fig. 44) and PC-3 cells (Fig. 4B).
Calcitriol had a marked growth inhibitory action when given alone.
In addition, calcitriol blocked the growth stimulation due to
endogenous PGs derived from the added arachidonic acid as well
as exogenous PG addition (Fig. 44 and B).

Synergistic inhibition of prostate cancer cell growth by
calcitriol and nonsteroidal anti-inflammatory drugs. We next
examined the combined effect of calcitriol and NSAIDs, which
are potent inhibitors of COX enzyme activity. We tested a
number of both COX-2-selective and nonselective NSAIDs
including NS-398, SC-58125, flufenamic acid, sulindac sulfide,
indomethacin, naproxen, and ibuprofen. Figure 54 to D illus-
trates the effect on prostate cancer cell growth of calcitriol alone
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or in combination with the NSAIDs that exhibited the best
growth inhibitory effect when used at a reduced dose. We show
the effects of calcitriol alone and in combination with the COX-
2-selective NSAIDs SC-58125 on the growth of LNCaP cells
(Fig. 54) and NS-398 on the growth of PC-3 cells (Fig. 5B). In
LNCaP cells, calcitriol by itself had a modest effect (~20%) at 1
nmol/L but caused significant growth inhibition (~40%) at 10
nmol/L (Fig. 54). The addition of the COX-2-specific inhibitor
SC-58125 by itself had a modest effect on cell growth (~20%
inhibition), which was not statistically significant, at the
concentration tested (5 pmol/L). The combination of 1 nmol/L
calcitriol with SC-58125, however, had a more pronounced
inhibitory effect (~73% growth inhibition with the combination
versus ~20% inhibition with the individual agents), indicating a
synergistic interaction between these two drugs to inhibit cell
growth. SC-58125 also enhanced the growth inhibition seen with
the higher concentration of calcitriol (~80% inhibition with the
combination versus ~40% inhibition with 10 nmol/L calcitriol
alone). Similar synergistic growth inhibitory effects were evident in
PC-3 cells treated with a combination of calcitriol and the COX-2-
selective inhibitor NS-398 (Fig. 5B). NS-398, when used alone at
7.5 pmol/L, did not affect the growth of PC-3 cells. However, it
enhanced the growth inhibition seen with both 1 and 10 nmol/L
calcitriol (~60% inhibition with the combination versus ~ 20%
inhibition with 1 nmol/L calcitriol alone, and ~75% inhibition

with the combination versus ~40% inhibition with 10 nmol/L
calcitriol alone).

The growth inhibitory effect of calcitriol was similarly enhanced
when combined with nonselective NSAIDs that inhibit the
enzymatic activity of both COX-1 and COX-2. The nonselective
NSAID naproxen at 200 imol/L did not inhibit the growth of LNCaP
cells (Fig. 5C). However, it enhanced the growth inhibition seen
with 1 and 10 nmol/L calcitriol (~65% inhibition with the
combination versus ~48% inhibition with 10 nmol/L calcitriol
alone). Similarly, in PC-3 cells (Fig. 5D), the nonselective NSAID
ibuprofen at 150 pmol/L enhanced the growth inhibitory effect of
calcitriol (~74% inhibition with the combination versus ~ 40%
inhibition with 10 nmol/L calcitriol alone) whereas it did not affect
cell growth when used alone at this concentration.

Based on extensive dose-response analysis (not shown), we
calculated the interaction index (y) using an isobolar method (33)
for each drug combination. This analysis indicated a synergistic
(superadditive) effect. The data suggested that ~2 to 10 times
lower concentration of each drug is needed when used in
combination to achieve the same degree of growth inhibition as
achieved by the individual drugs.

Discussion

Calcitriol acts by multiple pathways to inhibit the proliferation
of prostate cancer cells (5-14). Our study shows that the regulation
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Figure 4. Calcitriol abrogates the growth stimulatory effects of arachidonic acid (AA) and exogenous PGs. LNCaP (A) and PC-3 (B) were treated with arachidonic
acid (3 umol/L), PGE, (10 umol/L), or PGF,, (10 pmol/L) individually or in combination with 10 nmol/L calcitriol (Cal) for 6 days. Cell growth was determined by
measurement of DNA content as described in Materials and Methods. DNA contents are given as percentage of control value set at 100%, which was equivalent
to 12.3 £+ 1.2 pg/well for LNCaP cells and 19.3 + 1.7 pg/well for PC-3 cells. Columns, mean from six experiments; bars, SE. *, P < 0.05, when compared with control;

++, P < 0.01, when compared with arachidonic acid, PGE,, or PGF,, alone.

of PG metabolism is a novel and additional pathway by which
calcitriol may exert its antiproliferative actions in prostate cancer
cells. We have shown that calcitriol regulates biologically active PG
levels and PG actions by three mechanisms: (a) the suppression of
COX-2 expression, () the up-regulation of 15-PGDH expression,
and (c) the reduction of EP2 and FP PG receptor mRNA expression.
We propose that these three effects act together to effectively
inhibit the stimulation of prostate cancer cell proliferation by
endogenously derived PGs as well as PGs added exogenously.
Because PGs have been shown to promote prostate cell growth,
inhibit apoptosis, and stimulate prostate cancer progression
(18-20), we postulate that these effects of calcitriol to reduce PG
actions significantly contribute to the anticancer effects of the
hormone in prostate cancer.

The transformation of arachidonic acid into PGs and thrombox-
anes in mammalian cells is catalyzed by the enzyme COX, which has
two well-characterized isoforms. COX-1 is constitutively expressed
and is involved in housekeeping functions (17, 34). COX-2 is an
immediate-early gene that is induced by a variety of growth
promoting stimuli such as serum and growth factors, tumor
promoters, cytokines, and proinflammatory agents (17, 34), and is
regarded as an oncogene (24). COX-2 is overexpressed in various
cancers including some, but not all, prostate cancers (18, 21).
Inhibitors of COX-2 activity have been shown to suppress prostate
cancer cell growth both ir vivo and in vitro (31, 35, 36). Our results
show the significant repression of COX-2 mRNA expression by
calcitriol in prostate cancer cell lines as well as in primary prostatic
epithelial cells and also a reduction in COX-2 protein levels in prostate
cancer cell lines, suggesting that COX-2 is a calcitriol target gene.

PGE, and PGF,, are rapidly catabolized in vivo into their
biologically inactive 13,14-dihydro-15-keto metabolites by a two-
step process carried out sequentially. The first step is initiated by

the reversible oxidation of their 15(S)-hydroxyl group by the
enzyme 15-PGDH (37). 15-PGDH is widely expressed in many
mammalian tissues (38) and has been shown to be modulated by
several hormones and factors (37-39), indicating the potential
importance of the regulation of this enzyme. In LNCaP cells, 15-
PGDH expression is up-regulated by androgens, interleukin-6, and
the cyclic AMP inducer forskolin in a protein kinase A-dependent
manner (40, 41). We now show that calcitriol is an important
regulator of 15-PGDH expression in prostate cancer cells. The
partial repression of COX-2 mRNA expression and the increase in
15-PGDH mRNA expression are also seen in primary prostatic
epithelial cells derived from normal prostate, suggesting that
these calcitriol effects are not restricted to malignant prostate
cells. 15-PGDH expression has been shown to be decreased in
many cancers (22, 23, 42). Calcitriol has also been shown to
increase the expression of 15-PGDH in neonatal monocytes (43),
where it exhibits prodifferentiation effects. 15-PGDH, which
physiologically antagonizes COX-2, has recently been described
as a putative oncogene antagonist that functions as a tumor
suppressor in colon cancer by Yan et al. (24) who found that 15-
PGDH was universally expressed in normal colon specimens but
was routinely absent or severely reduced in cancer specimens.
More importantly, stable transfection of a 15-PGDH expression
vector into cancer cells greatly reduced the ability of the cells to
form tumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of the
oncogene COX-2 and exhibited an additional effect to inhibit
angiogenesis in vivo (24). Our present study shows calcitriol-
mediated suppression of the oncogene COX-2 and an increase in
the expression of the putative tumor suppressor 15-PGDH in
prostate cells, suggesting that calcitriol may play an important
role in the chemoprevention of prostate cancer.
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As a result of its dual action to modulate COX-2 and 15-PGDH
expression, we expected calcitriol to reduce the levels of PGs in
prostate cancer cells. This indeed was the case as shown by the
decrease in PGE, levels in the conditioned media from LNCaP cells
following calcitriol treatment. Calcitriol regulation of PGE, synthesis
and secretion has been also reported in growth plate chondrocytes
(44), in monocytes (43, 45), and in interleukin-1p-stimulated
rheumatoid synovial fibroblasts (46). The effects of calcitriol on PG
synthesis and signaling in these target cells seem to be related to the
rapid nongenomic actions of calcitriol (47).

PGs exert their myriad effects through G-protein coupled
membrane receptors which activate different signal transduction
pathways (48). Prostate cancer cells have been shown to express
the PGE receptor subtypes EP2 and EP4 (29). Interestingly, our
study shows that calcitriol decreases the mRNA expression of the
PGE, and PGF,, receptor subtypes EP2 and FP, providing yet
another mechanism for the suppression of the biological activity of
PGs by calcitriol. In a recent study examining the changes in gene
expression profile in the kidney of vitamin D receptor (VDR)
knockout mice, Li et al. (49) report increases in the expression of
EP3 and FP genes in VDR ™/~ kidneys, suggesting that calcitriol
may also regulate the expression of PG receptors in kidney. Our
study indicates that calcitriol not only decreases the concentration
of PGs but may also inhibit the biological activity of these reduced
PG levels by repressing of EP2 and FP receptor mRNA expression in
prostate cancer cells.

Chen and Hughes-Fulford (29) have shown that arachidonic acid
increases the expression of the immediate-early gene c-fos by
undergoing a COX-2-mediated conversion to PGE,, binding of
PGE, to EP2/EP4 receptors, and subsequent activation of the
protein kinase A pathway, which leads to the expression of growth-
related genes. PGE, has also been to shown to up-regulate the gene
expression of its own synthesizing enzyme COX-2 in prostate
cancer cells, thereby completing a positive feedback loop (31, 50).
We therefore examined the effect of calcitriol treatment on the
induction of c-fos and cell growth by arachidonic acid in prostate
cancer cells and found that calcitriol abolished c-fos induction and
growth stimulation by arachidonic acid. Our interpretation of these
observations is that they reflect both the effect of calcitriol to
decrease endogenous synthesis of PGs due to COX-2 suppression
and the ability of calcitriol to attenuate the biological activity of the
PGs due to 15-PGDH up-regulation and EP and FP receptor down-
regulation. The suppression by calcitriol of the growth stimulation
by exogenous PG addition is probably due to its ability to enhance
PG catabolism through the up-regulation of 15-PGDH expression
as well as PG receptor down-regulation.

NSAIDs are known inhibitors of COX activity and have been
shown to exhibit growth-suppressive effects in in vivo and in vitro
models of prostate cancer (19, 35, 36, 50-52). The growth inhibitory
and proapoptotic actions of NSAIDs are due to their ability to inhibit
cyclooxygenase activity to a large degree, although in recent years
mechanisms independent of COX-2 inhibition are also believed to
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play arole (52). Our data show that the combination of calcitriol with
COX-2-selective, as well as nonselective NSAIDs, acts synergistically
to reduce the growth of prostate cancer cells. Our hypothesis is that
the action of calcitriol at the genomic level to reduce COX-2
expression decreases the levels of COX-2 protein and allows the use
of lower concentrations of NSAIDs to inhibit COX-2 enzyme activity,
resulting in the enhanced growth inhibition seen with the
combination. The potential use of NSAIDs as chemopreventive or
therapeutic agents for a variety of malignancies, including prostate
cancer, is being intensely investigated (20, 21, 51, 53). We propose
that a combination of calcitriol and NSAID might be a useful
therapeutic strategy in prostate cancer. The clinical use of NSAIDs
has recently become controversial because of the cardiovascular
complications associated with the use of high doses of COX-2-
selective NSAIDs for prolonged periods of time (54, 55). In
comparison with the COX-2-selective inhibitors, the use of a
nonselective NSAID such as naproxen has been shown to be
associated with decreased cardiovascular adverse effects (56). As
shown by our study, an enhancement of growth inhibition is seen
when calcitriol is combined with nonselective NSAIDs such as
naproxen and ibuprofen. The clinical utility of the calcitriol
combination with a nonselective NSAID is therefore worthy of

evaluation, especially because the combination allows the use of
lower concentrations of calcitriol and the NSAIDs, thereby
improving the safety profile of the NSAIDs.

In conclusion, calcitriol acts by three separate mechanisms:
decreasing COX-2 expression, increasing 15-PGDH expression, and
reducing PG receptor mRNA levels. We believe that these actions
contribute to suppress the proliferative stimulus provided by PGs in
prostate cancer cells. The regulation of PG metabolism and
biological actions constitutes an additional novel pathway of
calcitriol action mediating its antiproliferative effects in prostate
cells. We propose that a combination of calcitriol and a nonselective
NSAID, such as naproxen, might be a useful therapeutic and/or
chemopreventive strategy in prostate cancer, as it would achieve
greater efficacy and allow the use of lower concentrations of both
drugs, thereby reducing their toxic side effects.
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Mechanisms of Vitamin D-mediated Growth Inhibition in Prostate
Cancer Cells: Inhibition of the Prostaglandin Pathway
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Abstract. Calcitriol (1,25-dihydroxyvitamin D3), the active form
of vitamin D, promotes growth inhibition and differentiation in
prostate cancer (PCa) cells. To unravel the molecular pathways
of calcitriol actions, cDNA microarray analysis was used to
identify novel calcitriol target genes including two that play key
roles in the metabolism of prostaglandins (PGs), known
stimulators of PCa growth and progression. Calcitriol significantly
decreases the expression of the PG synthesizing cyclooxygenase-2
(COX-2) gene, while increasing that of PG inactivating
I15-prostaglandin dehydrogenase (15-PGDH). Calcitriol also
inhibits the expression of the PG receptors EP2 and FP. It reduces
the levels of biologically active PGs and inhibits PG actions in
PCa cells, thereby decreasing the proliferative stimulus of PGs. We
postulate that the regulation of the PG pathway contributes to the
growth inhibitory actions of calcitriol. We also propose that
calcitriol can be combined with non-steroidal anti-inflammatory
drugs (NSAIDs) that inhibit COX enzyme activity, as a potential
therapeutic strategy in PCa.

Prostate cancer (PCa) is the most commonly diagnosed
malignancy and the second leading cause of cancer death in
North American men (1). According to the American
Cancer Society, more than 232,000 men will be diagnosed
with PCa in 2005 and approximately 10% of these will die
of the disease (1). Primary therapy for PCa involves the
removal of the prostate by surgery or radiation therapy.
Unfortunately, after initial treatment PCa often recurs.
Androgens regulate normal prostate development and
growth. Surgical or medical androgen deprivation has been
used as the standard treatment for PCa which fails primary
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therapy (2). Although there is a good initial response to
androgen ablation in most men, the tumors will progress to
androgen independence resulting in death (3) since there is
currently no adequate treatment for this advanced disease.

Our research was aimed at the development of new
therapies for PCa. la, 25-Dihydroxyvitamin D5 (calcitriol),
the hormonally-active form of vitamin D, is a promising new
therapeutic agent for PCa, which has been shown to exhibit
growth inhibitory effects in cell culture and animal models
of PCa as well as in clinical settings (4-15). Our goal was to
understand the molecular mechanisms mediating the
anticancer actions of calcitriol.

Calcitriol and PCa

Calcitriol is a steroid hormone, well known as a major
regulator of calcium homeostasis and bone mineralization
(16). However, data accumulated over the past 25 years have
indicated that calcitriol and its analogs have potent
antiproliferative and pro-differentiation actions in a number
of malignancies including PCa (4-15, 17, 18). The anti-
proliferative action of calcitriol has been documented in
several PCa cell lines (6, 8, 17, 18), as well as in primary
cultures of normal and cancer cells derived from surgical
specimens of prostate obtained from PCa patients (19, 20).
The inhibition of PCa cell growth is seen in both androgen-
dependent and androgen-independent PCa cells (18, 21).
Similarly, calcitriol and its analogs have been shown to inhibit
the growth of PCa in animal models of PCa (8, 11, 12). A pilot
clinical study by our group provided evidence that calcitriol
effectively slowed the rate of serum PSA rise in PCa patients
with early recurrent PCa (22). Recent clinical trials, using high
doses of calcitriol in combination with chemotherapy, have
shown great promise in prolonging survival and delaying the
time to progression in men with androgen-independent PCa
(10, 12). The only side-effect of calcitriol therapy appeared to
be the development of hypercalcemia. Many pharmaceutical
companies and academic centers are attempting to design
calcitriol analogs that exhibit increased anticancer potency but
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with a reduced tendency to cause hypercalcemia (23). We
believe that calcitriol or a new analog will prove very useful as
an adjunct for the therapy of both androgen-dependent and
androgen-independent PCa.

Given the potential usefulness of calcitriol in treating
and/or preventing PCa, understanding the molecular basis
of calcitriol-mediated growth inhibition and the signaling
pathways involved in its anticancer effects will more fully
define its therapeutic potential, as well as allow the
development of better therapeutic approaches to treat PCa
and will provide an insight into how calcitriol acts and
interacts with other agents in exerting its regulatory actions.
This understanding would enable an improved rationale for
when and how to implement calcitriol therapy and perhaps
how to make calcitriol therapy more effective by combining
with other drugs that exhibit synergistic molecular actions.

Mechanisms of Calcitriol Actions in PCa

Calcitriol exerts its actions by binding to its nuclear
receptor, the vitamin D receptor (VDR). After hormone
binding, VDR dimerizes with the retinoid X receptor
(RXR). The VDR-RXR heterodimer binds to DNA
sequences known as vitamin D response elements (VDREs)
in the promoter regions of target genes. This calcitriol-VDR
complex then recruits co-activator proteins that stimulate
the transcriptional apparatus to induce the expression of the
target gene. A number of important pathways have been
shown to play key roles in calcitriol-mediated growth
inhibition. One primary mechanism of calcitriol action is to
induce cell cycle arrest in the G1/GO0-phase by increasing the
expression of genes like the cyclin-dependent protein kinase
inhibitors p21 and p27 (8, 13, 24), and to induce apoptosis
by down-regulating the expression of anti-apoptotic genes,
such as bcl-2 (8, 11, 13). Calcitriol has also been shown to
regulate growth factor action through modulation of the
expression of genes such as insulin-like growth factor
binding protein-3 (IGFBP-3) (8, 13) and transforming
growth factor p (TGF-) (11, 13). In addition, calcitriol also
exerts inhibitory effects on tumor cell migration and
metastasis, as well as tumor angiogenesis (8, 10, 11, 13).

Novel Targets of Calcitriol in PCa

Using cDNA microarray analysis to study the regulation of
gene expression by calcitriol, we have recently identified 28
genes regulated by calcitriol in LNCaP human PCa cells
(25). Among the up-regulated genes is one that encodes
NAD™*-dependent 15-hydroxyprostaglandin dehydrogenase
(15-PGDH). The expression of 15-PGDH is also induced by
calcitriol in primary cultures of normal prostatic epithelial
cells (26). We found the down-regulation of various genes on
our microarrays, including the prostaglandin-endoperoxide
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synthase-2, or cyclooxygenase-2 (COX-2) gene (25). COX-2
is the rate-limiting enzyme involved in prostaglandin (PG)
synthesis, while 15-PGDH is the primary enzyme responsible
for PG catabolism.

COX-2 and PCa

PGs are long-chain oxygenated polyunsaturated fatty acids
derived from arachidonic acid (AA). COX or
cyclooxygenases are responsible for the synthesis of the PG
precursor PGH,; from AA (27). PGH, is then converted to
the various PGs by specific synthases. PGs have been shown
to stimulate the proliferation of many cancers including PCa
(28). Many, yet not all, studies have concluded that the
expression of COX-2 is elevated in PCa when compared with
normal prostate (29-32). In vitro studies using androgen-
dependent and androgen-independent PCa cell lines showed
that both expressed detectable amounts of COX-2 and
secreted PGE, (29, 33). It has been proposed that COX-2
induces tumorigenesis by various mechanisms including: (i)
induction of cell proliferation (34); (ii) decreased apoptosis
(35); (iii) increased angiogenesis (36); (iv) increased tumor
invasiveness (37); and (v) decreased immune surveillance
(33). Non-steroidal anti-inflammatory drugs (NSAIDs), which
inhibit COX enzymatic activity and therefore PG synthesis,
have been shown to decrease PCa growth in in vitro PCa cell
cultures and in vivo in animals bearing PCa tumor xenografts
(28, 35, 38). Existing evidence suggests that PGE, has a
specific role in the maintenance of human cancer cell growth
and that the activation of COX-2 expression depends
primarily upon newly synthesized PGE, through a positive
feedback mechanism (39). Taken together, these data
indicate that COX-2 and/or their prostaglandin products play
a role in the malignant transformation of the prostate.

15-PGDH and Cancer

15-PGDH is the key enzyme initiating the catabolism of
biologically-active PGs converting them into inactive keto-
derivatives (40), thereby acting as a functional antagonist to
COX-2. Three pieces of evidence indicate that the
concomitant overexpression of COX-2 and underexpression
of 15-PGDH have a role in tumor progression. First,
microarray data analysis indicated a down-regulation of
15-PGDH in colon (41) and lung (42) cancers when
compared to normal tissues. Second, when colon epithelial
cells were chronically treated with the tumor suppressor
TGF-f. 15-PGDH gene expression was induced (41). Thirdly,
15-PGDH by itself seemed to have tumor suppressor effects
(42). When lung cancer cells transiently overexpressing
15-PGDH were injected into athymic nude mice, there was a
substantial decrease in tumor induction and growth when
compared to mice implanted with wild-type cancer cells (42).
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Figure 1. Calcitriol inhibits prostaglandin actions in prostate cancer cells by three mechanisms: i) decreasing the expression of the prostaglandin
synthesizing enzyme cyclooxygenase-2 (COX-2); ii) stimulating the expression of the prostaglandin catabolizing enzyme 15-prostaglandin dehydrogenase
(PGDH); and iii) inhibiting EP2 and FP prostaglandin receptor expression. These three actions combined may be involved in blocking PG-mediated
actions such as c-fos induction and cell growth. Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs (NSAIDs)

produced synergistic inhibition of prostate cancer cell growth.

Calcitriol Actions on the Prostaglandin Pathway in
PCa cells

Our microarray data indicated that calcitriol increased the
expression of 15-PGDH and significantly decreased the
expression of COX-2 in LNCaP human PCa cells (25).
Based on these initial results, we further investigated the
effect of calcitriol on PG metabolism and PG actions in
several established PCa cell lines, as well as primary cultures
of prostatic epithelial cells derived from normal prostate
and adenocarcinoma specimens removed at surgery.
Significant increases were found in 15-PGDH expression
and down-regulation of COX-2 expression in both the PCa
cell lines and primary prostatic cells (43). This dual action
was associated with decreased PGE, secretion into the

conditioned media of PCa cells exposed to calcitriol (43).
PGs exert their biological effects through G-protein coupled
membrane receptors which activate different signal
transduction pathways. Interestingly, our study showed that
calcitriol decreased the mRNA expression of the PGE, and
PGF,,, receptor sub-types EP2 and FP, providing yet a third
mechanism for the suppression of the biological activity of PGs
by calcitriol (43). Thus, as illustrated in Figure 1, calcitriol
exerts multiple actions on the PG pathway: the suppression of
PG synthesis (due to COX-2 down-regulation), increase of PG
catabolism (due to 15-PGDH up-regulation) and the inhibition
of PG actions (due to PG receptor down-regulation). We
hypothesize that, as a result of these regulatory actions,
calcitriol attenuated PG-mediated functional responses in PCa
cells such as the induction of the immediate-early gene c-fos
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Figure 1. Calcitriol inhibits prostaglandin actions in prostate cancer cells by three mechanisms: i) decreasing the expression of the prostaglandin
synthesizing enzyme cyelooxygenase-2 (COX-2); ii) stimulating the expression of the prostaglandin catabolizing enzyme 15-prostaglandin dehydrogenase
(PGDH); and iii) inhibiting EP2 and FP prostaglandin receptor expression. These three actions combined may be involved in blocking PG-mediated
actions such as c-fos induction and cell growth. Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs (NSAIDs)

produced synergistic inhibition of prostate cancer cell growth.

Calcitriol Actions on the Prostaglandin Pathway in
PCa cells

Our microarray data indicated that calcitriol increased the
expression of 15-PGDH and significantly decreased the
expression of COX-2 in LNCaP human PCa cells (25).
Based on these initial results, we further investigated the
effect of calcitriol on PG metabolism and PG actions in
several established PCa cell lines, as well as primary cultures
of prostatic epithelial cells derived from normal prostate
and adenocarcinoma specimens removed at surgery.
Significant increases were found in 15-PGDH expression
and down-regulation of COX-2 expression in both the PCa
cell lines and primary prostatic cells (43). This dual action
was associated with decreased PGE, secretion into the

conditioned media of PCa cells exposed to calcitriol (43).
PGs exert their biological effects through G-protein coupled
membrane receptors which different signal
transduction pathways. Interestingly, our study showed that
calcitriol decreased the mRNA expression of the PGE, and
PGF,,, receptor sub-types EP2 and FP, providing yet a third
mechanism for the suppression of the biological activity of PGs
by calcitriol (43). Thus, as illustrated in Figure 1, calcitriol
exerts multiple actions on the PG pathway: the suppression of
PG synthesis (due to COX-2 down-regulation), increase of PG
catabolism (due to 15-PGDH up-regulation) and the inhibition
of PG actions (due to PG receptor down-regulation). We
hypothesize that, as a result of these regulatory actions,
calcitriol attenuated PG-mediated functional responses in PCa
cells such as the induction of the immediate-early gene c-fos

activate
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In summary, our research was directed at understanding
the molecular mechanisms of the antiproliferative activity
of calcitriol in prostate cells with the goal of developing new
strategies to improve PCa treatment. Our investigations
revealed that calcitriol acts by three separate mechanisms
on the PG pathway in PCa cells: decreasing COX-2
expression, increasing 15-PGDH expression and reducing
PG receptor mRNA levels. We believe that these effects
may contribute to the suppression of the proliferative
stimulus of PGs by calcitriol in PCa cells. The regulation of
PG metabolism and biological actions constitutes an
additional novel pathway of calcitriol action contributing to
its antiproliferative effects in prostate cells. We propose that
a combination of calcitriol and a non-selective NSAID, such
as naproxen, might be a useful therapeutic and/or chemo-
preventive strategy in PCa, as it would achieve greater
efficacy and allow the use of lower concentrations of both
drugs, thereby reducing their toxic side-effects. The
combination approach is an attractive therapeutic strategy
that can be swiftly translated to clinical trials since calcitriol
and NSAIDs are FDA approved drugs.
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PATHWAYS MEDIATING THE GROWTH INHIBITORY ACTIONS OF VITAMIN D IN
PROSTATE CANCER

David Feldman, Jacqueline Moreno and Aruna Krishnan,

Department of Medicine/Endocrinology, Stanford University School of Medicine, Stanford
CA 94305-5103

Vitamin D is emerging as an important hormane that affects the development and
progressicn of many malignancies including prostate cancer (PCa). 1,25-dihydroxyvitamin
D3 (calcitriol), the active form of vitamin D, inhibits the growth and stimulates the
differentiation of PCa cells. We have studied established human PCa cell lines as well as
primary cultures of normal or cancer-derived prostatic epithelial cells to elucidate the
molecular pathways of calcitriol aclions. These pathways are varied and appear to be cell-
specific. We have used cDNA microarray analysis to elucidate additional genes regulated by
calcitriol in order to identify novel therapeutic targets for the treatment of PCa. Several
polentially useful target genes have emerged from these studies. In this talk | will highlight
two new target genes, both involved in prostaglandin (PG) metabolism. Accumulating
evidence has implicated PGs in stimulating the development of many types of cancer
including FCa. PGs have been associated with the progression of PCa, tumor invasiveness
and tumor grade. Prostatic PGs are formed by the action of the cyclooxygenase enzyme
COX-2. The first step in PG inactivation is mediated by 13-hydroxyprostaglandin
dehydrogenase (PGDH). We found that calcitricl down-regulates the expression of COX-2
and up-regulates PGDH. Currently there is much interest in the use of COX-2 inhibitors to
prevent and/or treat PCa, due to their ability to inhibit growth and induce apoptosis.
Moreaver, PGDH has recently been proposed as a tumor suppressor. The actions of
calcitricl to induce PGDH and inhibit COX-2, constitute a pathway to reduce and/or remove
bioactive PGs thereby diminishing PCa proliferation. Treatment of LNCaP cells with a
combination of calcitriol and COX-2 inhibitors resulted in synergistic growth inhibition. In
combination, calcitriol and COX-2 inhibitors allowed the use of reduced doses of both drugs
that still resulted in enhanced antiproliferative activity. These findings suggest that therapy
combining calcitriol and COX-2 inhibitors will increase the efficacy of both drugs while
decreasing their side-effects. We propose that this combination of already approved drugs
can be brought to clinical trial swiftly, particularly in patients with early recurrent PCa that
demonslrate rising PSA after primary therapy. In conclusion, our research is cirected at
understanding the mechanisms of vitamin D action in prostate cells with the goal of
developing treatment strategies to improve PCa therapy. The ability of calcitriol to inhibit PG
synthesis and stimulate PG inactivation appears to be an additional pathway by which
calcitriol can enhance PCa therapy.
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amount of UV radiation from natral sunlight and the
exposure of only small parts of the body, eg hznds,
forearms and/or face, are necessary. The aim of this study
was to evaluate the eorrelation between Vitamin D-
weighted UV dusage (H, ;) versus the increase of circulating
25(OH)D; and 1,250,105, Patients and Methods: I'wenty-
two dialysis patients were partial body (frontal part of the
legs, approx. 15% of body surface) irradiated over a period
of 14 weeks using an artificial UV-source (1IVE 3.5%:);
hlood samples were taken every two weeks, Resulrs: The
peak value of 25(0H)D, was found after & weeks (increasc
A+ D3pgl = +33%, median) and the peak of 1.25(0H),D,
followed 6 wecks later (increase A + 9ng/l = +90%)
Therefore, the following algorithm can be caloulated:
25{0OH).D: = (Hyy4' x 10°)4 25, as a nonlinear correlation
{r?=0.9492); fulluwing a lingar correlation (r=0.32) herween
IS(OH)D, and 1,25 (OH ). Canclusion: A sufficient pool
of circulating 25(0OH)D, is necessary for conversion to
1,25(0H)D. In renal patients, the threshold level of
23(OH)D, seems Lo be =235 pgfl.
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EFFECT OF UVE RADIATION EMITTED FROM THE
NARROWEAND TL-01 LAMP (311 NM) ON
CALCITRIOL SYNTHESIS IN ORGANOTYPIC
CULTURES OF KERATINOCYTES

Bodo Lehmann and Michas| Meurer

Department of Dermatelogy, Carl Gustay Carus Medical
School, Dresden University of Technology, Dresden,
Crermany

The skin is the only tissue known in which the complete
UVWB-induced pathway from 7-dehydrocholesieraol
(7-DHC) to hormonally-active caleitriol {1e,25 dihydro
syvitamin 13;) oceurs under physiological conditions, Tt is
well known that both caleitriol and UVE radiation exert
polent  antipsoriatic effects. We speculate that the
therapeutic effect of UVB radiation can be attributed 1o
UWB-triggered cutaneous svnthesis of caleiiriol, for which
the optimum wavelength was 300 + 3 nm in vitro and in
vive, On the other hand, the narrowband Philips TL 01
lamp, which is commenly used as a UVD source for the
treatment of psoriasis, has a maximum spectral irradiance
at around 311 nm. The aim of this study was to investigate
the calcitriol-inducing paotential of the TL-01 lamp in
organotypic cultures of keratinocyles supplemented with
25 pM J-DHC ar different radiant exposures (123- 1000
mljem?). We found that caleitriol
generating capacity of the TL-D1 lamp at 500 mlem’
(vorresponding to 2.1 SED [Standard Ervthema Dose])
and 16 hours after irradiation still amounted to
approgimately 45% of that of monochromatic radiation at

the maximum

2290

300 nm and 30 mJ/em®. We conclude that irradiation with
the narrowhand TI-01 lamp in a therapeutic dose range
can affect calcitriol synthesis in epidermal keratinocytes.
Thus, the antipsoriatic effect observed after TL-01 lamp
exposurcs may be, at least partially, explained by the known
action of mewly-synthesized calcitriol on epidermal cell
prolifcration and differentiation,
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PATHWAYS MEDIATING THE GROWTH
INHIEITORY ACTIONS OF VITAMIN D IN
PROSTATE CANCER

Tacqueline Moreno, Aruna Krishnan and David Feldman

Department of Medicing/Endocrinology, Stanford
University School of Medicing, Stanford, CA 94305-5103,
U.5.A.

Vitamin 1) 15 an important hormone that affects the
incidence and progression of many malignancies including
prostate cancar (FCa). 1,25-dihydroxyvitamin D (caleitriol ),
the active form of vitamin D), inhibits the growth and
stimulates the differentiation of PCa cells. We studied
established human PCa cell lines as well as primary cultures
of normal or cancer-derived prostatic zpithelial cells 1o
elvcidzte the molecular pathways of the action of caleitriol.
These pathways arc varicd and some appear to be cell-
specific. We used cDNA micrearray analvsis to ascertain
additional genes regulated by ealeitriol, in order to identify
nowvel therapeutic targets for the treatmant of PCa. Several
potentially uscful target genes have emerged from these
studies including two new target genes, both involved in
prostaglandin (PG metabolism.

Accumulating evidenee has implicated PGs in stimulating
the development of many lypes of cancer including PCa. PGs
have bean sssociated with the progression of PCa, tumor
invasiveness and tumor grade, Prostatic PGs are formed by the
action of the cyclooxygenase emeyme COX-2, The first step in
PO inactivation is medisted by 15-hydrosyprostaglandin
dehydrogenase (PGDH). We found that caleitriol down
regulates the cxpression of COX-2 and up-regulates PGDH.
There is much current inlerest in the use of second-generation
COX-2  inhibitors or non-selective  nonsteroidal  anti-
inflammatory drugs (NSAIDs), to prevent and/or treat PCa,
due to their ability to inhibit growth and induce apoplosis.
Moreover, PGDI has recently been proposed as a tumor
suppressor, ‘The actions of caleitriol o induce PGDH and
inhibit COX-2 constitute & pathway to reduce andjor remove
active PGs, thereby  diminishing PCa  proliferation.
Combination therapy of LNCaP cells with calecitriol and
NSAIDs revealed svnergistic growth  inhibition.  In
combination, caleitriol and NSAIDs allowed the use of
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reduced doses of both drugs that still resulted in enhanced
antiproliferative activity. These findings suggest that therapy
combining caleitriol and NSATDs will increase efficacy while
decreasing side-effects. We propose that this combmation of
already approved drugs can be brought to climcal trial swiftly,
particularly in patients with early recurrent PCa that
demonstrate rising PSA after primary therapy, In conclusion,
our research is directed at understanding the mechanisms of
vitamin 12 action in prostate cells with the goal ol developing
treatment strategies to improve PCUa therapy. The ability of
calcitriol 10 inhinit PG synthesis and stimulate PG destruction
appears to be an additional pathway Dy which calcitriol can
enhance PCa therapy.
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BIOLOGICAL EFFECTS OF la,25-
DIHYDROXYVITAMIN Dy ON HUMAN
KERATINOCYTES AFTER IONIZING RADIATION

Eerstin Miiller, Michazla Schinn, JToeg Reichrath and
Yiktor Moincke

Bundeswehr Institute of Radiobislogy, Munich;
Depariment of Dermatology, The Saarland University
Hospital, Homburg, Germany

Exposure of human skin to 1onizing radiation results in
various early and late etfects such as an inflammatory
reaction, keratnsis, fibrosis, radiation vasculitis and cancer,
1o, 25-Dihydroxyvitamin - D,  the biologically aclive
metabolite of vitamin ). has been shown Lo exen
pleiotropic effects in the skin. We evaluated whether the
radiation teaction of human kerztinocytes (IlaCaT eclls)
can be modulated by 1o, 25-dilydroxyvitamin Dy, The cell
growth of keratinoeyles after ionizing radiation was
significantly increased in the presence of 1o23-
dihydroxyvitamin I; as compared to the untreated control.
wMoreover, la25-dihydroxyvitamin D5 also exerted a
positive influence on the cell survival of irradiatad
keratinocytes, as shown by clonogenic assay. As the
culaneous radiation reaction is determined by variows
inflammatory parameters, including adhesive interactions
mediated by eellular adhesicn molecules, we analyred the
cell surface expression of intercellular adhesion malecule-
1 (ICAM-1) and fil-integrin in keratinocytes and the effect
of 1o, 25-dihydroxyvitamin Dy using flow cytometry and
immuno- histochemistry. The results revealed that ionizing
radiation causes an up-rezulation of hoth ICAM-1 and p1-
integrin in  keratinooyies, whizh was inhibited Ty
pretreatment of the cells with Lo, 23-dihydroxyvitamin ..
Taken together, our data  suggest  thal oy, 25-
dihydroxyvilamin ID; might be a promising agent to madily
the radiation reaction, offering new
radiotherapy and oncoloagy.

options  in

1

SNAIL REPRESSES VITAMIN D RECEFTOR
EXPRESSION AND BLOCKS THE EFFECTS OF 1o,25-
DIHYDROXYVITAMIN I, ON HUMAN COLON
CANCER CELLS IV FITEO AND IN VIVQ

A. Mufioz, H.G. Pilmer, M.J. Larriba and P. Ordéfiez-
Morin

Instituto de Tnvestigaciones Biomédicas, Madrid, Spain

Wi have previously reported that la 25-dihydroxyvizamin
[, (1,25(0H).D,) and several non-hypercalcemic analogs
(EB1089, MC903 and KHI1060) inhibil proliteration and
promote differentiation of humsn S5W 4ul-ADH colon
cancer cells. They induce the expression of E-cadherin and
the translocation of fi-catenin from the nucleus to the
plasma membrane. T'he Wnt/fi-catenin signaling pathway is
deregulated in most colon cancers as a rasult of mutation of
AFC or Ji-catenin [CTVNED) genes. In several human colon
cancer cell lines analyzed, 10.25(0H).D; repressed
fi-catenin/TCF-4 transcriptional activity and thus inhibited
the expression of f-catenin/TCF-4-responsive genes. Using
oligonuclentide microarrays, the genetic profile induced by
101,25{0H),1; in human colon cancer cells was identified.
10, 25(0OH).I3; changed the expression lavels of numerous
previously unreported genes, including many invelved mn
iranseription, cell adhesion, DNA synthesis, apoptosis and
intracellular” signaling. Vitamin D receptor (VDR) is
expressed in normal colon epithelium and during the early
stages of colon cancer, but is lost at later stages of tumor
progression, High VDR expression has been assnciated with
good prognosis. We found that the SNAITL. transcription
factor represses human VDR gene express ssion_if colon
cancer cells 2 and nd blocks the antitumor action n:l[ rmn.w in
fenograited mice. “In human colon cancer, elevated SNAIL
Expression an correlates with the down-regulation of FDIR and
E-cadherin. Our data predict that colon cancer patients with
high levels of SNAIL are likely to be poor responders Lo
therapy with 1c,25(CQH)-Dy analogs.

32

HIGH-DOSE PULSE CALCITRIOL IN PROSTATE
CANCER

Anne Myrthue and Tomasz M, Beer

Oregon Health and Science University Portland, OR, U.S.A.

In pre-clinical models of prostate cancer, caleitriol, the
principal active metabolite of vitamin D, dizplayed
significant antinecplastic activity alone and in combination
with cytotoxic drugs. but only at substantially
supraphysiclogic concentrations. The reported mech amisms
of activity include inhibition of proliferation and cell cycle
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triggemed mzinsis? To sddrcis these iscses, we hove forther chameterized e tenaid
Binding and signaling propenies of the classical Xenopus propesicrone and mdrogen
reoepiore. We demonstrale that the Xenopas pragestenone receplor (XPR 1) hinds o
and iy Lrumseriptivoally activated by many androgens, including androstenedicne,
tesiosterare, and dibydroresioserone, ar 100 « 300 ab concentrations,  Fusthersmons,
the Mewapie aulaope musplor (XeAR] binds to and is sotivarsd by propesierons al
ever lower cosienirations (1 - 20 nM). Interestingly, the reditional maormalion PR
aatagenist RUMKR is a pone inhhinr off proggsstams binding o XFR-1 (IS0 ndd),
bul a pocent inhititor of aadmgen binding w0 XeAR (IC30=5 nhf). The mohiliry of
RLUM4E6 2 significantdy block progestorons interactions with XPR-1 i lkedy doe
cysteine ol positicn 376 in the ligand binding domein. as mest RU486-monsilive PRy
have a poyeine reidue at this position. Accordingly, XeARl contams a glycine residue
in 1w commesponding position, which might explain its scasitivicy w RUSEG. Together,
thess rasulls reconcile the dizcrepancies regarding which classical recepiors are
reguluting progesserone and androges-idgpered Xenopus kews poeyle maturatica, as
hosth recepror are Lizely sctivited vader aither cordifion, bat B4R and androgen
revepiur anlagoriss wdl only bleck XeaR-medianed offe:.

DMLY is fumded in part oy the MNIE training grant T32 GMOTOGE 29, This work i
supguwrizl hy funding from the NIH (DE39913; ard the Welch Foundation (1-1 506

Fl1-657

Androgen Receptor Down-Regulation by the Antiestrogen 1C1
152,780 (Faslodex) in LNCaP Prostate Cancer Cells,
Runi § Rhattacharyya®' | Arona W Krishnan', Srilatha Swami’, David Feldiman', ‘Diept
o Med, Endvorins e Sanfaord Triv Soh of Med, Swagfard, ©A

For proseatz cancer A par ol czaren] by primssry therapy, androgen
deprivation therapy (ADT] s ofien suceesslul in cawing PO regreecdon sinee these
saneers ore generally asdroger-dependen:. Unfartumanely, most men evanioally Bl ADT
an e their doscass trunaforms o an androgen-indepemdzat PCa CALPCY, [or whick there is
no glipctive ement, In AIPC, most PCa ol still retain cxpression of the andmogen
secaplor (AR) which nlays a mole m the centinued groedi of the cancer, We hypothesizs
‘b drugs chas are Seleciive AR Down Rezulators (SARDS) present a unicus approack
far the rrearment of AR-depeadent AIPC. Decrensing the AR cancontration will
algnificanty saduce PCa growtn stimulstion. U sodies have demorstrated char the
ambesaogen, ICT 182,780 (1C1) (Faglodex) hae SARD acivity ir LNCaP PU cells
Treatmert of T NCAP eells with 10T 10 W) resuited in o 505 decresse in AR proteic
express coallen 45 s ax meeasured by ["H]-DHT bimding ard Waatem blat analysis. [C]
abso decreased AR srRNA levede. Dacreased AR MRNA sxpresion wus ohearved ap
rar’y ax fibws after ICT treabeat, tes maa i Jecrvase (605 of conral) being soen an 24
frs and by 48 hes the inhibitory elliect of 10T was dimdnished. Prelminary experimenns
aimved a0 understanting U mechanism of AR drwr-megniation by BT sugzest that it s
D¢¢Hn'i.llr at the er.nll:l'i.;‘trinﬂ.‘ﬂ “evel The AR pressnl in LNCaP o=lls contains & pain
mulation that renders it “promiscucus”, allowing mn-andmgen igands o Aind m the
recepinr. In competition sinding assays, increasing concentrasioms of 16T po displace
CHIDHY bieding to te AR, demsestrating that (T cld oot bind w e meiant AR ai
the DHT binding site. AR dovwen-regulation by 121 reaulied in decreased AR -mexdiated
fenctional respanses os meascred by FSA seeretion and PSA mRWA expression 1C]
nhibited RIS simunlated FSA secretion by 60 70% afier n & duy trcatmeal PSA
mRNA =xpresion was decreased by 30 405 after 23 trs of 1L and B184 1 co-treatment
whnen eoampared 0 RI1ES 1 alone. Impartantly, 101 causzd signilicant ichibition of LMCoF

cell growlh in avime and dose-dependent manmec, ALthe end of & deys of trentment & &%

grmwih inhibirion was seen in [C1-oreated c2lls compared o contrel, These data
demamstrate bt e ani-csioogen 10T is o petens AR down-repalator whick cuuses
sdpnificant inlulbiliee of PO ol growdh, 4R, gnch as ICL, presect vishle new options
for treating AR-dependent advanced PO

P2-658 &

Regulation of Prostaglandin Metabolism by Caleitriol:
"otentinl Role in the Treatment of Prosinte Cancer.
Tecqueline: Mano®!, Anna % Krisanan', Devid Feldman \Dupt of Med, Starfend
Claiv Sk of Mec!, Staford, CAL

Caleiirinl exhibits grosash inhibiory sod pro.dMersntiotion efects m de vitro
and in vive medels of postane cancer (PC8). Our geal = e defing the mechabsns
unceslying the antipsulaferative 2Mects of caleimal in BFCa e0204 miceoamray aralysis
of LYCal® huran PCa cells shawed the iepalation ol the wxpression of 28 g=nes by
calsitzial, Interest ngly, two of these goncs are involved 'norhe meraholizm of
presstaglanding (PG, Kaswn stimulabars of PO cell growth The e pession o PO
syrehesizing eyeloony genase-2 (COX-2) gane was significantly doumcesal by caleitrial,
and At of BL inactivaling 15 prostagland n dehydrogerasc (15-PODIT was increased
by ealtrel. This dual ncton of caleitriol would reduce the levals of bickogically active
PG e FCa celle, thereby decoeazing theis profiferative stimmlus. Toche cursent sy we
skawavad thar calciiol ineressed 15 PODH mBMA and peotein Jevels in LNCal* cells in
arime and dose-dependent munner. The increass in 15-F60H mBN A expression renched
& peak alier & hool calcitriol ereament thar was mainzained over 34 h. Calcitriol redaced
COX-Z mENA 0 appomemetely 30 % of control in both LNCaF smd PC-3 cells snd

decreased the cancantiation ol COX-2 probein inPC- 3 oells, We observed a 60 % decrese
in levels of PGe b the conditioned meliz of TNCAP eells with ealeinriol. We belisve thic
dacling i the result of the dual effect of calciiol m the vapression of PG meahelic
cievmis. Mon-stercidal anti-inflanimatony diugs (8SATDK) inhikit COX-3 and exhibin
antitumar effects in bath fm vitro end in vivs PO medels. As o dowo-epulaior of COX
I expressiom, coleitriol would enhance COX2 inhibition wien coonbined with an
IWEAILY, Ve found that the combination of cakeitrial with ¥5AIDs acted synergistically
to redoce the groth of LNCal and FU-3 gells, exhibiticg ap o 30% mone grow
inhibition with the cambination than induced by NEAIDs or caleidal aloae. The
vombination wee also mee efTective than individual drugs m reducing PO sccretion by
[ MCAP crlie, The abiliny of ssleitricd winhibit PG eynthzsis and disalate PG catnhalism
Is ar nal pathway by which caleieriol exems i aptiproliferative actons, The
Iherapeulic combination of caleirinl and NSATDS would allaw the nee of Lower
coroentratioms af either drg, slicing teir soic sideeffazis. We propod that caleitrinsl
ane NSATD combination o ghi bz o useful therapetic smategy i men with early reeerment

Ca,

P2-659
Direct Regolation of Insulin-Like Growth Factor Binding
Frotein-3 (IGFEP-2} by Androgens and Caleitriol in LNCaP®
Human Prostate Cancer Cells,
Linong Feng’, Tining Wang', Peter J Malloy'. David Feldmen', ‘Med, Stanfond
Limiv Sch off Mad, Stanfioed, €A

Caleirrin exhihics growth insibition and differantaiion o4 vadety of cell types
nedivg prostake canver czlls (PCa). In the ancrogen dependent LMCo® haman FCs
cell line calviriol exens its antiproliferaive sction predominantly by indoeing cell
excle amest. Previoisly we lave shown thal growth amest is mediaed prinasly by
mducticn of TEFBP-3, which subsegsently incresszs she expeession of the cell cyele
nhibitor p2 2. We Gave identified & functanal vimmio I nsponse element (VDRE 0
the FAFBL-3 promater davectly mediaiing the imlucion by cakitriel, In this repon we
shonw that endrogens inerense expreasivn of IOFTIP-1 &t borh mBEN A al pretein levels
m LNCaP cells Funihesmore, e combination of calciiriol aud andogess resulis in o
substantial ingrease in IGFBP 3 indicating o strong svnergistic effsct of caloitrinl and
androgens oo IGFBP-3 expression, 1o understonsd the molecalar machanisn lnvoival,
‘w exariinad the IGFEF-3 promates For intersctions betasen caleirriol asd ancrogens.
Transactiveticn asssye shoo that the 6 kb IGFRP] prometer sequeece respands o
androgen reatmnent. A lime course of TGFBP-3 mEN A exprestion ia LNCaP a2lls freated
with various conventrations of the synthetic androgen RISE] nlso sugpests thal
androgen @recidy regulate e trarseeipton cf 1GERP 3 i odose-dependert manacr, 4
series nf delesions penerated withia the & kb promoter demanstraned Ll the ARE is
peresent Ui [ A Dragonent betwesn - 1753 and —2580, Poing imutations in the pacenrial
ARE resulbed in o luss &7 ancmagen inducrion confinming e critical mepomse elemant
sequerces. Furrthemmare, chismatin inucanoprecipitaion ossaxs showed thar R1SE]
treatment recriited the axlioger receplor i e ARE sie i rhe BGFEP-2 procaster in
imact cclis [n eddivon, the combirasion wearmenr of andiegens and caleieriol deubles
Ih: cifet off sither caleitriol ar ancrogens a'ous on dus IEFBP-3 prameter constmirs. In
sonclusion. the functicnnl YDRE and ARE ie the IGGP promwster diveerls elinie
the inteaction of aleiiriol and ardrogens on IGTRPS expresabor. 1 mey Te counter
ircitive that andropens simulate o Fuotor medisting antprolifecative and proapeiot e
ctlong on PCa cells, Howewver, & mumber of sfudics show that androgens medizie an
antiprol:ferative ond prodiffereniatye &eion on PCa cells, The clinienl signficasce of
thee Fndings will requine fanker siady.

P2-660 +

Co=Treatment of Human Prostale Cancer Cells with S179D
Frolactdn and 1,25 dihydroxy Vitamin D3 (VD)) Produces
Synergy in the Promotion of Apoptosiz and Brings the Dose of
VI Required into the Non-Toxie, Physiclogical Renge.

Vel W', Amene M Walker® . \Biomed Scis Dlv of Celiforniv, Riveride, CA.

S LTS prolactin (PRLY s a moclecular naiois of plospliony Laked bumsem PRI that
inbibuts the growth of buran prostete cancer cells when these are groam in it o 5
tuenors in nede mice (1), In this study, we Bave investigated the interplay Leoweom
51790 FRL and anather inkibitor of prostste cancer growth, 1, 25 tihyirazy vitamin
D5 [V Iy, When prostata carcar cells were ineubared in 51790 PRL for 3 days, doses up
ok el hivd 0 eflect on cell sumber, alchough neer incubations wens very effeetive
al 1. Iz che Jecluy time freme, incubations up o 160N VI were nlso inei-ectve al
restucing cell mamber, wheneas hose betwsen 30 end 120 nh were etfectse, Incubation
in S1TET PR an ) o (D145 cells) or 10 0k (PCE cells) sensitized the cells 0 VD
skl thar 2 S0% reduciios ir cell merher cocnrrzd an o0 P and 10O pdd VI an L0 145
und PCS cells, respecrivaly, Whan DA depradation wis aesesed, 51790 PRL slone
(zame concentraticns] aid WD alone (100 EM] heel na effect, it rogether thers wis
marked DA degrdation. The 3-day incubation in either 31790 PRL o VD produced
no sgeilicant inerease  the amount o7 the VD raceplor (WDR], whereas co-imcuhation
i 51790 PRL and VX douhled the imsovnt of e VDR, ax assessed by Western hiot The
sarme incchation condibons resulied in a deubling of p21 profen in respoase o 51790
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P3-60

Regulation of the Prostaglandin Pathway by Calcitriol in
Prostate Cancer.

Jacqueline Moreno*', Lihong Peng', Srilatha Swami', Aruna V Krishnan', Candice S
Johnson?, David Feldman'. 'Dept of Med, Stanford Univ Sch of Med, Stanford, CA;
‘Dept of Med, Roswell Park Cancer Inst, Buffalo, NY.

Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate
cancer (PCa). Our goal is to identify calcitriol target genes mediating these actions. We
have recently shown that calcitriol regulates genes involved in the metabolism of
prostaglandins (PGs), known stimulators of cancer growth. We found that calcitriol
inhibits PG actions in PCa cells by three mechanisms: stimulating the expression of the
PG catabolizing enzyme 15-prostaglandin dehydrogenase (PGDH), decreasing the
expression of the PG synthesizing enzyme cyclooxygenase-2 (COX-2) and inhibiting
EP2 and FP PG receptor gene expression. The combination of calcitriol with non-steroidal
anti-inflammatory drugs (NSAIDs) acted synergistically to achieve substantial PCa
cell growth inhibition at ~2 to ~10 times lower concentrations of the drugs than when
used alone. To gain insight into the mechanism by which calcitriol regulates the
expression of PG-pathway genes, we examined the promoter sequences of both PGDH
and COX-2 genes and identified putative vitamin D regulatory elements (VDREs) in
each promoter by computer analysis. We cloned a 2.3 kb fragment of the human PGDH
promoter into the luciferase reporter vector pGL3 basic and transiently transfected it
into LNCaP cells. Preliminary results indicate a modest but significant induction of
reporter luciferase activity in response to 10 nM calcitriol. Similar transfection assays
with a 7.1-kb COX-2 promoter-luciferase construct in LNCaP DU-145 cells indicated
that calcitriol significantly suppressed EGF-stimulated COX-2 promoter activity. These
results suggest that calcitriol regulates the expression of the PGDH and COX-2 genes
directly at the transcriptional level. To examine the effect of calcitriol on the regulation
of the PG-axis in vivo, we established LNCaP xenografts in nude mice and treated them
with calcitriol at a dose of 0.75 pg/mouse for three consecutive days. Analysis of mRNA
expression in tumor samples revealed that calcitriol reduced the expression of COX-2
mRNA by 50%, indicating the regulation of the PG pathway by calcitriol in vivo. Further
in vivo studies investigating the effects of calcitriol, NSAIDs and their combination are
in progress. We believe that these studies will generate pre-clinical data that will lead
to a clinical trial to test the combination therapy of calcitriol and NSAIDs in PCa patients.

Jacqueline Moreno was supported by a DOD grant (PC04120).
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